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T h i s t h e s i s i s d i v i d e d i n t o seven c h a p t e r s . The f i r s t 
c h a p t e r d e s c r i b e s the b a s i c p r i n c i p l e s of e l e c t r o n s p i n 
resonance (ESR) spectroscopy. I n the second c h a p t e r , r e l e v a n t 
p r e v i o u s s t u d i e s of c l a y m i n e r a l s are reviewed, i n c l u d i n g a 
summary of previous s t u d i e s by o p t i c a l , Mttssbauer and ESR 
spectroscopy of i r o n and other t r a n s i t i o n metal i m p u r i t i e s 
i n c l a y m i n e r a l s . 
The t h i r d chapter reviews previous ESR s t u d i e s of Fe"^ "*" 
i o n s i n a l u m i n o s i l i c a t e m i n e r a l s and other m a t e r i a l s . 
The f o u r t h chapter r e v i e w s the nature and p r o p e r t i e s of 
o r g a n i c substances a s s o c i a t e d with n a t u r a l c l a y s and carbonaceous 
m a t e r i a l s , emphasis being p l a c e d on the occurrence of" o r g a n i c 
f r e e r a d i c a l s and t r a n s i t i o n metal comple^ies i n t h e s e m a t e r i a l s 
as r e v e a l e d by ESR spectroscopye 
The experimental r e s u l t s a r e presented i n two c h a p t e r s . 
Chapter 5 d e s c r i b e s a study of b a l l c l a y and l i g n i t e from 
South Devon, and of substances obtained from them by s o l v e n t 
e x t r a c t i o n methods. A number of parama^jnetic s p e c i e s a r e 
i d e n t i f i e d by ESR and other s p e c t r o s c o p i c t e c h n i q u e s , i n c l u d i n g 
vanadyl complexes whose ESR s p e c t r a resemble those of p o r p h y r i n s . 
I t i s shovm t h a t although r e l a t i v e l y l a r g e c o n c e n t r a t i o n s 
of f r e e r a d i c a l s occur i n c e r t a i n of the s o l v e n t e x t r a c t s from 
the l i g n i t e and b a l l c l a y , t h e i r presence does not e x p l a i n the 
o c c u r r e n c e of c h a r a c t e r i s t i c ESR s i g n a l s near g = 2.0 i n 
k a o l i n i t e - g r o u p m i n e r a l s . 
I n chapter'6, the r e s u l t s of an i n v e s t i g a t i o n of the 
ESR s p e c t r a of k a o l i n i t e and r e l a t e d m i n e r a l s i s d e s c r i b e d . 
A r e i n t e r p r e t a t i o n of the ESR s p e c t r a of k a o l i n i t e s i s 
attempted on the b a s i s of new evidence gained from ESR s t u d i e s 
of n a t u r a l k a o l i n i t e s subjected to a v a r i e t y of p h y s i c a l and 
chemical treatments. I t i s shown t h a t s u b s t i t u t i o n a l Fe"^ ^ ions 
and trapped defect centres are p r i n c i p a l l y responsible f o r the 
spectra. Changes i n the ESR specta of t h e r m a l l y t r e a t e d c l a y s 
are i n t e r p r e t e d i n terms of the s t r u c t u r a l changes accompanying 
dehydration of clay minderals. 
The f i n a l chapter contains a discussion of the r e s u l t s 
and suggestions f o r p o s s i b l e f u t u r e s t u d i e s . 
Some t h e o r e t i c a l aspects of the work, i n c l u d i n g an o u t l i n e 
of the methods of s o l u t i o n of the spin Hamiltonian used to 
describe the Fe"^* centres i n clay m i n e r a l s , are contained i n the 
Appendices. 
Copies of papers published by the author are bound a t the 
end of t h i s t h e s i s . 
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1. PRIHCIPLE3 OF ELEGTROH SPIN RlilaOIIAiTCE 
1.1. I n t r o d u c t i o n 
Since many of the r e s u l t s presented i n t h i s thesis were obtained 
by the technique of e l e c t r o n spin resonance (^R) spectroscopy, the 
basic ideas and p r i n c i p l e s of ESR are reviev;ed i n t h i s chapter, i n c l u d i n g 
an account of the phenomenolo^^ical d e s c r i p t i o n of the i n t e r a c t i o n s v;hich 
are responsible f o r nroducin{i ESR spectra, namely the spin Hamiltonian 
and the e f f e c t i v e spin formalism. 
Only those aspects of the subject considered relevant t o the 
present i n v e s t i g a t i o n are discussed here. More extensive and general 
1—8 
discussions of the subject are t o be found i n the a v a i l a b l e l i t e r a t u r e * , 
1.2. Electron Spin and the Resonance Condition 
Any atomic system possessing unpaired electrons has a non-zero 
r e s u l t a n t magnetic moment of e l e c t r o n i c ori^^in which ariser: from o r b i t a l 
or spin angular momentxun or both. V/hen an external magnetic f i e l d i s 
applied t o the system, t h i s magnetic moment experiences an i n t e r a c t i o n 
which produces a s p l i t t i n g of the e l e c t r o n i c energy l e v e l s of the 
atomic system. Transitions between these l e v e l s may then be induced by 
an o s c i l l a t o r y magnetic f i e l d associated v/ith electromagnetic r a d i a t i o n 
o f frequency V , provided t h a t the separation of the appropriate energy 
l e v e l s i s equal t o /iV^'^. Electron spin resonance absorption occurs 
when the presence of such t r a n s i t i o n s distxirbs the thermal e q u i l i b r i u m 
population Of . the l e v e l s given by the I'iaxv;ell-Boltzmann d i s t r i b u t i o n , 
provided t h a t r e l a x a t i o n mechanisms are a v a i l a b l e t o maintain a greater 
population of spins i n the lower l e v e l and hence allov/ continuous 
absorption of pov;er from the applied r a d i a t i o n . 
The simplest case i s t h a t of a s i n g l e unpaired e l e c t r o n having 
magnetic moment JX and spin S , r e l a t e d by 
- . ^ (1.1) 
where | s | o -|- , 
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This magnetic dipol e has energy 
i n the presence of an applied magnetic f i e l d . More accurately, 
E =» ^o/?- • - » where = 2.0023 approximately f o r a free 
e l e c t r o n , t a k i n g i n t o account small r e l a t i v i s t i c and quantum electrodynamic 
c o r r e c t i o n s . 
The component of S i n the d i r e c t i o n of the applied f i e l d H can 
have one of tv;o possible values, m = +|- or m ° -'h 9 corresponding 
s s 
t o the d i p o l e l y i n g e i t h e r p a r a l l e l or c i n t i p a r a l l e l t o the d i r e c t i o n of 
the applied magnetic f i e l d . The e l e c t r o n therefore has tv;o possible 
energy l e v e l s , + -d-g^^^ and 15^  - -i-g^y3^i>, where i s the 
degenerate energy l e v e l of the unperturbed system. Transitions betvjeen 
these l e v e l s occur f o r magnetic f i e l d s H s a t i s f y i n g the r e l a t i o n s h i p 
which i s knov/n as the 'Resonance Condition'. The system i s i l l u s t r a t e d 
i n Pig.1.1. 
Typical values of H and V v/hich s a t i s f y equation ( l . 3 ) are 
IL = 3500 gauss and }^ a 9.8l GHz , which i s i n the X-hand or 3-cm. 
. 8 
microwave region • 
Normally, o r b i t a l angular momentum also contributes t o the magnetic 
i n t e r a c t i o n s betv/een impaired electrons and aji external magnetic f i e l d . 
I n t h i s case, the i n t e r a c t i o n may be w r i t t e n 
9 ^ / 3 r-H ( 1 - 4 ) 
12 -





F i g . 1.1. The resonance c o n d i t i o n f o r a s i n g l e 
unpaired e l e c t r o n i n an e x t e r n a l 
magnetic f i e l d . 
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v;here i s the Lande g-value, and i t i s asniimed that Russell-Saunders 
coupling "between the o r b i t a l a.nd spin angular momenta occurs, g i v i n g J 
as the t o t a l i o n i c angular momentum. 
For many t r a n s i t i o n metal ions i n c r y s t a l l i n e environments, the 
presence of large e l e c t r i c f i e l d s due t o the neighbouring ions or ligands 
may e f f e c t i v e l y 'quench' the o r b i t a l angular momentum of the electrons, 
r e s u l t i n g i n a s i t u a t i o n which may be described purely i n terms of the 
i n t e r a c t i o n betivecn the spin angular momentum and the applied magnetic 
f i e l d . The g-values normally d i f f e r from the free-spin value, g^ , 
due t o the presence of second-order s p i n - o r b i t coupling e f f e c t s or 
c r y s t a l f i e l d e f f e c t s . I n general, the g-value associated w i t h any 
p a r t i c u l a r system i s not i s o t r o p i c , but i s a tensor of rank 2 v/hose 
components have a magnitude and symmetry which depend on the i o n i c 
environment of the impaired electrons. 
I t i s usually possible t o describe the i n t e r a c t i o n s responsible 
f o r an experimentally observed ESR spectrum by means of a phenomenological 
spin Hamiltonian^*^ v:hich represents the i n t e r a c t i o n of the lov/est group 
of e l e c t r o n i c l e v e l s w i t h t h e i r c r y s t a l l i n e environment and the applied 
magnetic f i e l d . The i n t e r a c t i o n terms involve the components of the 
e f f e c t i v e spin S, whith i s defined by equating the degeneracy of the 
groundstate t o 2S + 1. 
1.3. The Spin Hamiltonian. 
The t o t a l Hamiltonian representing the energy of an atomic system 
may be w r i t t e n as the sum of a number of terms, i n c l u d i n g : 
(a) The Coulomb i n t e r a c t i o n of the electrons w i t h the nucleus (assumed 
f i x e d ) and each other : 
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(h) S p i n - o r b i t coupling energy (deduced from Dirac*s l i n e a r r e l a t i v i s t i c 
ecuation f o r the electron : 
- ^ (1.6) 
where i s a s p h e r i c a l l y symmetric p o t e n t i a l due to the nuclear charge 
+ Ze. 
( c ) Spin-spin i n t e r a c t i o n s 
-••/^ (1.7) 
(d) The i n t e r a c t i o n of the impaired electrons w i t h the external magnetic 
f i e l d : 
i (1.8) 
( e ) The hyperfine i n t e r a c t i o n between the magnetic moment of the nucleus 
and the magnetic f i e l d set up by the o r b i t a l and spin moments of the 
electrons t 
The Dirac d e l t a - f u n c t i o n i s non-zero only f o r s-electrons, f o r which the 
f i r s t term vanishes. The second term i s the well-knovm Fermi contact term. 
( f ) The e l e c t r o s t a t i c i n t e r a c t i o n between the electrons and the nucleus, 
g i v i n g r i s e t o a quadrupole i n t e r a c t i o n : 
(1.10) 
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( g ) The d i r e c t coupling betv/een the nuclear magnetic f i e l d and the 
external magnetic f i e l d : 
(h) The i n t e r a c t i o n between the atomic electrons and the c r y s t a l f i e l d 
p o t e n t i a l V(x) of the l a t t i c e environment : 
For the i r o n group t r a n s i t i o n elements, t y p i c a l orders of magnitude 
f o r the various i n t e r a c t i o n s are : 
^ (Coulomh i n t e r a c t i o n ) 
"^^c-/. ( C r y s t a l f i e l d i n t e r a c t i o n ) 
-^x-o.^Spin - o r b i t i n t e r a c t i o n ) 
\4 (2eeman i n t e r a c t i o n ) 
' ^ ^ S - X . ( ^ p i n - s p i n i n t e r a c t i o n ) 
.^^^^ (Hyperfine i n t e r a c t i o n ) 
(Ouadrupole i n t e r a c t i o n ) ^ 10"^ - 10"^ cra""^  
^ ^ ^ ^ ( N u c l e a r Zeeman i n t e r a c t i o n ) 
^10^ -1 cm 





^ 1 -1 cm 
^ 1 -1 cm 
} 
In the spin Hamiltonian, a l l spin-independent c o n t r i b u t i o n s are 
neglected, and the energy-level s p l i t t i n g s are calculated "by pe r t u r b a t i o n 
2 4 
theory *^ . I n p a r t i c u l a r , Abragam and Pryce shov/ed that the behaviour 
of a spin system can be described by a spin Hamiltonian i n which the 
o r b i t a l angular momentum i s not e x p l i c i t l y considered, but instead 
i s replaced by an an i s o t r o p i c coupling between the spins and the external 
magnetic f i e l d ^ • For example, f o r a system represented by a spin 
Harailtonian containing three terms : 
^ (1.13) 
= /^(d 'Lk^ ^i2) - ^ x ^ - i ^ ^ I'i 
the a p p l i c a t i o n of pe r t u r b a t i o n methods and the discarding of 
spin-independent terms leads t o the expression 
- 16 -
9 
v;hGre g and D are symmetric tensors, given by : 
5cj ^ ^ - ^ A - A (1.15) 
(1.16) 7 ) . ; 3 >^ ^ ; y 
The components of the g-tensor depend on the admixture of groxind 
and excited states by s p i n - o r b i t coupling, which introduces a c o n t r i b u t i o n 
t o the e l e c t r o n i c moment from the otherv/ise 'quenched' o r t i t a l angular . 
momentum. 
I f the tensors g and D are r e f e r r e d to t h e i r p r i n c i p a l axes, then 
three symmetry cases may be d i s t i n g u i s h e d s 
( i ) I s o t r o p i c t =» « gs =• g ? 
Dx o Dy =, ; 
( i i ) A x i a l symmetry : gx = Sy = g j _ ; gz =• g^^ I 
( i i i ) Orthorhombic symmetry : 
gx ^ Sy ^ ; 
• ^x ^ ^y ^ ^2 . 
The term which describes the s p l i t t i n g of the energy, l e v e l s 
i n the absence of an applied magnetic f i e l d ( ' z e r o - f i e l d s p l i t t i n g ' ) , may 
be w r i t t e n i n the form 
= D(S,2 _ -is(S + 1)) (1.18) 
f o r the case of a x i a l symnietry, v/here D = D^^ - , and i n the form 
= DCSz^ - ^ ( s + 1)) + ii:(s^^ - Sy2) (^ ^^ 5) 
f o r the case of orthorhombic syipjnetry, v/here E = - ^ ( ^ i - ^y) and 
With t h i s n o t a t i o n , cubic symmetry corresponds t o the case 
D a E a 0 ; a x i a l symmetry gives D ^ 0 , E a 0, and 
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or-thorhombic synimetry gives D ^ 0 and E 0. 
The spin Hamiltonian 
" ^^^z^ - i S ( S + l ) ) + E(S^2 ^ g^2) ^^^20) 
has been widely used i n i n t e r p r e t i n g the S^R spectra of high spin d^ ions 
such as Pe^* occupying d i s t o r t e d environments which have moderate or large 
z e r o - f i e l d s p l i t t i n g s ^ * ^ " ^ ^ . A review of these studies i s given i n Chapter-
3» and an o u t l i n e of the s o l u t i o n and symmetry properties of the spin 
Hamiltonian ( l . 2 0 ) i s given i n the Appendices. 
1.4- Hyperfine I n t e r a c t i o n 
I f an unpaired e l e c t r o n i n t e r a c t s w i t h a nucleus possessing a 
non-zero spin, then the magnetic f i e l d s associated with the e l e c t r o n i c 
and nuclear spins i n t e r a c t , r e s u l t i n g i n the s p l i t t i n g of the ESR 
t r a n s i t i o n i n t o a number of component l i n e s occurring at d i f f e r i n g 
magnetic f i e l d values. This phenomenon i s known as hyperfine s p l i t t i n g 
or hyperfine i n t e r a c t i o n . 
The m u l t i p l i c i t y and r e l a t i v e i n t e n s i t y of the hyperfine components 
depends on both the nuclear spin and the number of nuclei i n t e r a c t i n g 
w i t h the unpaired e l e c t r o n . For an e l e c t r o n i n t e r a c t i n g w i t h a single 
nucleus of spin I , the EoR l i n e i s s p l i t i n t o 2 1 + 1 equally spaced 
components. The separation of the components i s proportional t o the 
1 2 
amount of time spent by the electron i n the v i c i n i t y of the nucleus * • 
Often i n t r a n s i t i o n metal complexes both the metal and l i g a n d 
n u c l e i may have non-zero spin. I n t h i s case, each of the hyperfine 
components may be f u r t h e r s p l i t i n t o what are frequently termed 
*superhyperfine components' i f the e l e c t r o n i n t e r a c t s w i t h both metal 
and l i g a n d n u c l e i . (Qixadrupole e f f e c t s , associated with n u c l e i having 
spins > - l ^ w i l l not be considered here.) 
Hyperfine i n t e r a c t i o n s are represented i n the spin Hamiltonian 
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by the expression 
( 1 . 2 1 ) 
The f i r s t term represents a n i s o t r o p i c ( d i p o l e - d i p o l e ) hyperfine 
i n t e r a c t i o n , and may be w r i t t e n t o f i r s t order as 
* 
The second i s an i s o t r o p i c terra, r e f e r r e d t o as * contact' hyperfine 
i n t e r a c t i o n , and i s only applicable t o s-electrons, f o r v/hich the Birac 
^ " f u n c t i o n gives a non-vanishing c o n t r i b u t i o n . This term may be w r i t t e n 
^'^''^^ = A I . S ^1-23) 
v/here A, the hyperfine s p l i t t i n g parameter, i s given by 
where \ ^ ( ^ \ i s the s-electron p r o b a b i l i t y density i n the region of the 
nucleus. 
I s o t r o p i c hyperfine i n t e r a c t i o n i s . o f t e n observed f o r ions having 
no unpaired s-electrons i n terms of t h e i r formal electronic configurations, 
i n these cases the e f f e c t has been explained i n terms of phenomena which 
are e s s e n t i a l l y exchange e f f e c t s and which w i l l be discussed b r i e f l y here. 
As a consequence of the Pauli exclusion p r i n c i p l e , a r e l a t i v e change 
i n the spin d i r e c t i o n s of tv;o electrons whose vjave functions overlap i s 
accompanied by a change i n spin density i n the overlap region. This i s 
accompanied by a change i n the energy of the system, given by the 
expression 
a^ck, = - 2J S1.S2. (1 . 2 5 ) 
where J i s known as the exchange i n t e g r a l ' . 
The conventional Hartree-Pock scheme does not take accoxmt of t h i s 
phenomenon. The physical pictuxe of the i n t e r a c t i o n i s t h a t of 'core 
- 19 -
p o l a r i z a t i o n * , v;hich i s tha t electrons having the same o r b i t a l B t a t e s "but 
d i f f e r i n g spin d i r e c t i o n s ( i . e . the tv/o s-electrons w i t h i n a spin-paired 
su"blevel) have s p a t i a l p r o b a b i l i t y d i s t r i b u t i o n s v;hich d i f f e r from one 
another due t o a t t r a c t i o n or repulsion by outer unpaired electrons (e.g. 
i n d- or f - o r b i t a l s ) . As a r e s u l t , a f i n i t e net unpaired s-electron 
density at the nucleus occurs. 
The e f f e c t has also been i n t e r p r e t e d i n terms of c o n f i d u r a t i o n a l 
i n t e r a c t i o n s between groiind and excited states. Ti;o some extent, these 
2 
two coAcepts are equivalent • 
In general, a paramagnetic system may e x h i b i t a hyperfine s t r u c t u r e 
which i s a combination of both i s o t r o p i c and anisotropic components. I n 
t h i s case, the expression ( l . 2 l ) may be w r i t t e n more simply as 
A. I„S_ + A, ( I . S _ + I,S,J ( 1 . 2 6 ) - A I S f i S  
f o r the case of £Lxial symmetry, or as 
o A l S + A I S + A I S ( 1 . 2 7 ) 
-^X./ 5 X X X y y y z z z 
f o r the case of orthorhombic symmetry, where A^ ^ and ., or A^>A^ and 
A^ are hyperfine s p l i t t i n g parajneters obtained from experimental data.. 
Prom the magnitude of these parameters, one may calculate the c o n t r i b u t i o n 
of i s o t r o p i c and anis o t r o p i c i n t e r a c t i o n s t o the spectra. 
1»5» Ferromafmetic Resonance 
I n the preceding section, exchange e f f e c t s between electrons w i t h i n 
i n d i v i d u a l atoms have been discussed. I n materials w i t h a r e l a t i v e l y high 
concentration of ions containing unpaired spins, i t i s also possible f o r 
strong i n t e r - i o n i c exchange e f f e c t s t o take place v;hen overlap occurs 
between the v;ave-fiuictions associated w i t h electrons belonging t o 
neighbouring ions, c o n t r i b u t i n g a term t o the Hamiltonian : 
<. J 
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Exchange e f f e c t s c h a r a c t e r i s t i c a . l l y r e s u l t i n narrow resonance 
l i n e s , as frequently observed f o r s o l i d free r a d i c a l s or h i g h l y concentrated 
paramagnetic systems^. 
V/hen the exchange e f f e c t s are l a r g e , the material i s characterised 
by a Curie temperature, T , above which the spins are approximately 
c 
independent of one another, but below which strong coupling occurs, 
1 2 
r e s u l t i n g i n strong magnetization and large i n t e r n a l f i e l d P . ' • Strongly 
coupled systems of t h i s nature e x h i b i t ferromagnetic resonance, 
characterised by the experimental observation of very broad l i n e s and 
large g - s h i f t s from the free-s p i n value-. 
The theories developed by K i t t e l ^ ^ and Van Vleck^^ f o r ferromagnetic 
resonance explain some of the observed features of the phenomenon 
s a t i s f a c t o r i l y , but t o date no completely s a t i s f a c t o r y r e c o n c i l i a t i o n 
of theory and experiment has been produced. 
In the present work, resonances have been observed i n some samples 
having l i n e w i d t h s of the order of kilogausc and g-values between 2 and 4, 
which are t y p i c a l of those generally observed f o r ferromagnetic systems. 
1.6. Electron 3pin Resonance i n PolvcrvGtalline Materials 
Most studies by E3R spectroscopy v/hich y i e l d d e t a i l e d information 
describing the environment of the paramagnetic system have been made by 
studying the angular dependence of the spectra of single c r y s t a l s . I t i s 
normally possible t o f i t the r e s u l t s accurately t o an appropriate 
spin Hamiltonian, and t o deduce the r e l a t i o n s h i p between the axes of the 
magnetic tensors and the c r y s t a l l o g r a p h i c axes. 
In the case when ESR spectra of p o l y c r y s t a l l i n e materials are recorded, 
the information obtainable :is u s u ally l i m i t e d since the paramagnetic 
species are usually randomly o r i e n t a t e d w i t h respect t o the applied 
magnetic f i e l d . As a r e s u l t , the observed spectra correspond t o a 
summation, or superimposition, of the corresponding s i n g l e - c r y s t a l 
spectra over a l l o r i e n t a t i o n s , and many anisotropic e f f e c t s may bo 
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t h e r e f o r e i n d i s t i n g u i s h a b l e . 
Some information i s , however, obtainable from the E3R specta of 
p o l y c r y s t a l l i n e materials, since t h e i r spectra frequently e x h i b i t 
c h a r a c t e r i s t i c lineshapes, depending on the symmetry of the paramagnetic 
system, from which approximate c a l c u l a t i o n s of the p r i n c i p a l , or s t a t i o n a r y , 
values of the g-tensor and hyperfine tensor may be made. Methods of 
c a l c u l a t i n g the expected lineshapes f o r powders and f o r o b t a i n i n g the 
15 i S 
p r i n c i p a l g-values, have been the subject of a number of studies 
The m a j o r i t y of the ESR spectra obtained i n the present work were of 
powder samples. The c h a r a c t e r i s t i c lineshapes associated w i t h a x i a l and 
orthorhombic systems i n pov/ders are i l l u s t r a t e d i n Pig. 1 . 2 . 
Information obtained from randomly orientated k a o l i n i t e samples 
was supplemented by r e s u l t s i n v;hich p r e f e r e n t i a l o r i e n t a t i o n of p a r t i c l e s 
was d e l i b e r a t e l y induced by pressure or sedimentation, enabling the 
approximate r e l a t i o n s h i p between the symmetry axes of the paramagnetic 
centres and the k a o l i n i t e c r y s t a l l o g r a p h i c axes t o be i n f e r r e d . 
i^?-* Defect Centres i n Crystals 
I n a d d i t i o n t o the study of n a t u r a l or synthetic materials c o n t a i n i n g 
paramagnetic ions or f r e e r a d i c a l s , an important a p p l i c a t i o n of HJSR. 
spectroscopy has been the study of defect or damage centres i n c r y s t a l s 
induced by i r r a d i a t i o n ^ . Since defect centres were observed i n the present 
study i n both n a t u r a l and i r r a d i a t e d clays, and are an important feature 
t o be considered i n the i n t e r p r e t a t i o n of the ESR spectra of clay minerals, 
an o u t l i n e of the general c h a r a c t e r i s t i c s of defect centres, together w i t h 
a b r i e f summary of some important previous i-/ork, i s given here. 
Most defect or damage centres are characterised by the presence of 
trapped electrons or holes, v;hich are associated w i t h d i s l o c a t i o n s , 
19 
imperfections or s u b s t i t u t i o n s occurring i n the host c r y s t a l . Much of 
the early work on defect centres was concentrated on P-centres observed 






F i g . 1.2 F i r s t d e r i v a t i v e ESR l i n e s h a p e s f o r n o n - i s o t r o p i c 
paramagnetic system i n a p o l y c r y s t a l l i n e m a t e r i a l 
( a ) A x i a l symmetry, (to) Orthorhombic symmetry. 
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Subsequently a large number of defect centres have been i d e n t i f i e d i n a 
v;ide v a r i e t y of m a t e r i a l s . 
An important class of defect centres has been i d e n t i f i e d i n 
c r y s t a l s which contain isomorphous admixtures of ions having a d i f f e r e n t 
formal valency or charge from the normal l a t t i c e ions. Two s i t u a t i o n s 
19 
may be di s t i n g u i s h e d ^  : 
( i ) I f the charge on the substituent i o n , X, i s greater than t h a t of the 
l a t t i c e c a t i o n , M, i r r a d i a t i o n may be followed by electron capture : 
( i i ) I f the charge on the substituent ion i s less than t h a t on the l a t t i c e 
c a t i o n , loss of an e l e c t r o n may occur on i r r a d i a t i o n , r e s u l t i n g i n the 
formation of a trapped hole centre : 
Simi l a r s i t u a t i o n s occur, of course, f o r anions d i f f e r i n g i n charge from 
the l a t t i c e anions which they replace, and a l l types of defect are found 
i n p r a c t i c e . I n general, hole centres are characterised by g-values 
greater than g^, the f r e e - s p i n value, and electron centres by g-values 
less than g^. 
Reviews of the nature or radiation-induced defect centres i n 
minerals, together w i t h experimental data, have been published by 
20 19 Bershov and Marfimin and Bershov . 
21 
G r i f f i t h s , Owen and Ward studied the ESR spectra of quartz 
c r y s t a l s which had been coloured by X - i r r a d i a t i o n , and observed s i x 
groups of l i n e s , each c o n s i s t i n g of s i x l i n e s , which were a t t r i b u t e d t o 
a hole centre of the type described above, a r i s i n g from the s u b s t i t u t i o n 
of Al^"*" f o r S i ^ ^ , The hole centre v;aG located on an Al-0 bond, the 
s i x groups of l i n e s a r i s i n g from the s i x possible u n i t c e l l positions 
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v/hich could be occupied by Al^"*" . The hyperfine structure was due t o the 
i n t e r a c t i o n of the hole w i t h a ^^Al nucleus ( l = 5 / 2 ) . '^ '^ ey obtained 
from the soectra the snin Hamiltonian parameters g. = 2 . 06 , g = 2 .00 , 
-A -1 ' . -4 -1 ^ A = 4 .8 X 10 ^ cm and A = 5.6 x 10 ^ cm . 
The theory describing the centre has been discussed by O'Brien and 
p 22 Pryce . 
23 
Lee and Bray observed two types of hole centre i n X - i r r a d i a t e d 
a l u m i n o s i l i c a t e glasses, one of which exhibited a p a r t i a l l y - r e s o l v e d 
6 - l i n e hyperfine s t r u c t u r e . The system was characterised by spin 
Hamiltonian parameters g = 2.OO9O and A = 8.1 gauss (7 .5 x lo"^ cm~^). 
Heating at 350^0 f o r 20 minutes caused the annealing of the centre. 
Si m i l a r centres t o those described above were observed i n a number 
of i r r a d i a t e d k a o l i n i t e s i n the present work, and are considered t o be 
of s i g n i f i c a n c e since they are shown t o provide a d d i t i o n a l information 
regarding the s t r u c t u r a l and symmetry changes t a k i n g place during the 
dohydroxylation of k a o l i n i t e . 
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2. P.'tSVIOUS STUDIE:i 0? KAOLIinTS Arfl) RSLAT.-S MIN^IRALS 
2.1. Structure and C l a s s i f i c a t i o n of Clay Minerals 
The present study i s concerned c h i e f l y w i t h the ESR spectra 
associated w i t h s u b s t i t u t i o n a l ions or trapped defects i n k a o l i n i t e s 
and micas. I n order t o f a c i l i t a t e the comparison and i n t e r p r e t a t i o n of 
the r e s u l t s of t h i s v/ork i n terms of the knov/n s t r u c t u r a l and compositional 
features of c l a y minerals, i t i s considered necessary to review here 
those previous studies w h i c h :are c o n s i d e r e d r e l e v a n t t o t h e 
present vjork. 
Clays consist of a number of sheet s i l i c a t e minerals which e x h i b i t 
c l o s e l y r e l a t e d s t r u c t u r a l features. Three groups of clay minerals w i l l 
be considered here : 
( i ) The k a o l i n i t e or kandite group ; 
( i i ) The montmorillonite or smectite group ; 
( i i i ) The mica group ( i n c l u d i n g i l l i t e s ) . 
The s t r u c t u r e s of a l l clay minerals may be regarded as being b u i l t 
up from two basic u n i t s : 
( i ) Ti/o sheets of close-packed oxygen atoms ( o r hydroxyl groups) i n 
2+ 3+ 
which d i v a l e n t or t r i v a l e n t cations such as Mg or Al are located i n 
octahedral c o o r d i n a t i o n . V/hen t r i v a l e n t cations occupy the l a y e r , only 
two-thii^ds of the a v a i l a b l e s i t e s are occupied ; v/hen di v a l e n t cations 
occupy the l a y e r , a l l of the a v a i l a b l e s i t e s are occupied. Layers of these 
types i n clay minerals may be regarded as d e r i v a t i v e s of e i t h e r brucite: 
(Mg^(OH)^) or g i b b s i t e {^l^^On)^)^ and are r e f e r r e d t o as ' t r i o c t a h e d r a l * 
1,2 
and 'dioctahedral* s t r u c t u r e s r e s p e c t i v e l y • 
( i i ) A sheet c o n s i s t i n g of tetrahedra of oxygen atoms, or hydroxyl 
groups, each containing a s i l i c o n atom at the centre, and l i n k e d together 
t o form a repeated, hexagonal, tv/o-dimensional netv/ork. 
A l l clay minerals consist of these basic u n i t s arranged i n a regular 
sequence. For example, the k a o l i n i t e s t r u c t u r e consists of a repeated 
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u n i t comprising a s i n g l e aluminium octahedral sheet and a s i n g l e s i l i c o n 
tetrahedral sheet. 
Considerable d i s t o r t i o n s of the i d e a l u n i t structxires are knovm t o 
occur i n clay minerals. I n a d d i t i o n , v a r i a t i o n s may occur i n the manner 
of stacking of the l a y e r s , the nature and extent of isomorphous s u b s t i t u t i o n s 
and the net charge on the layers. These v a r i a t i o n s , together w i t h the 
arrangement of the basic v u i i t s , define the d i f f e r e n t known clay mineral 
structureB^*'^, 
2.1.1. Structure of K a o l i n i t e Groun Minerals 
The members of the k a o l i n i t e group of minerals are k a o l i n i t e , 
d i c k i t e , n a c r i t e , and h a l l o y s i t e . Their structures are discussed i n 
1 5 6 some d e t a i l by Grim , Brindley and Deer, Hov/ie and Zussman • 
The s t r u c t u r e of k a o l i n i t e , suggested i n p r i n c i p l e by Pauling 
was f i r s t determined i n d e t a i l by Gruner who determined the u n i t c e l l 
t o be monoclinic. Later d e t a i l e d X-ray powder data obtained by Brindley 
and Robinson suggested a t r i c l i n i c u n i t c e l l , having parameters 
a 5.15 ^, b = 8.95 A, c = 7.34 A, CP^ = 91.8*^  , /3 104.5^ , ^ =» 90^. 
A more r e f i n e d c a l c u l a t i o n by Hevmham gave r e s u l t s s u b s t a n t i a l l y i n 
* io 
agreement • 
The basic s t r u c t u r a l \xnit consists of a composite ' sandv/ich' of a 
s i n g l e aluminium octahedral layer w i t h a single s i l i c o n t e t r a h e d r a l l a y e r , 
i n which the t i p s of the tetrahedra and one layer of the octahedral sheet 
are common ( P i g . 2 . l ) . The composition of the u n i t c e l l i s Al^Si^O^C0H)8 
or, i n terms of oxides, 2(Al20^,Si02.2H^0) . The t h e o r e t i c a l composition 
corresponds t o Al^O^ - 2>9.50fo ; SiOg = 46.545?' ; H^ O « 13.96?^. 
D i c k i t e and n a c r i t e , comparatively rare i n clay sediments, are of" 
p r e c i s e l y the same composition as k a o l i n i t e , d i f f e r i n g i n the stacking of 
the l a y e r s , and possibly also i n the d i s t r i b u t i o n of Al^ "^*" ajnong the 
a v a i l a b l e octahedral s i t e s " ^ ' ^ * ^ , B i c k i t e i s the most c r y s t a l l i n e of the 
k a o l i n i t e polymorphs, and i t s s t r u c t u r e has been determined i n d e t a i l ^ ^ " ^ ^ . 
Considerable d i s t o r t i o n s of the i d e a l octahedra and tetrahedra v/ere found 
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t o occur, c o n s i s t i n g p r i n c i p a l l y of r o t a t i o n s of the s i l i c o n t e t r a h e d r a l 
layer away from i d e a l hexagonal symmetry, and also a shortening of the 
shared edges of the octahedra due t o mutual repulsion of c a t i o n s . 
Brindley and Nakahira^^ shov;ed t h a t s i m i l a r d i s t o r t i o n s occur also i n 
k a o l i n i t e . More recent electron d i f f r a c t i o n ^ ^ and single c r y s t a l X-ray 
studies^^ of k a o l i n i t e have endorsed t h i s conclusion, Radoslovich has 
discussed i n d e t a i l the reasons f o r such d i s t o r t i o n s ^ ^ . 
K a o l i n i t e minerals occur over a wide range of c r y s t a l l i n i t y and 
e x h i b i t considerable v a r i a t i o n s i n the number of resolvable peaks i n t h e i r 
X-ray d i f f r a c t i o n p a t t e r n s ^ T h e s e v a r i a t i o n s may be a t t r i b u t e d t o the 
occurrence of stacking disorders c o n s i s t i n g of random nb/3 layer 
displacements along the b-axis^'^^. Apart from these d i f f e r e n c e s , the 
raecbers of the k a o l i n i t e group contain the same s t r u c t u r a l u n i t , and are 
r e f e r r e d t o as 1:1 dioctahedral s t r u c t u r e s , 
2.1.2. The P y r o p h v l l i t e Structure and Smectite Group 
Many clay mineral structures arc based on a three-layer structxxral 
u n i t , c o n s i s t i n g of a s i n g l e octahedral layer sandv/iched between two 
t e t r a h e d r a l l a y e r s . P y r o p h y l l i t e i s an example of such a s t r u c t u r e , 
having the composition ^^2^^4^10^'^^^2 ' c o n s i s t i n g of an aluminium 
layer sandwiched between two layers of s i l i c o n tetrahedra. L i t t l e or no 
isomorphous s u b s t i t u t i o n occurs, and no i n t e r l a y e r cations are accommodated 
1 o A 
between the l a y e r s , as i n the micas , 
The smectite, or m o n t m o r i l l o n i t e , group of minerals may be regarded 
as being derived from p y r o p h y l l i e and i t s t r i o c t a h e d r a l analogue, t a l c , 
by the presence of extensive s u b s t i t u t i o n s , commonly of Al f o r Si i n the 
t e t r a h e d r a l layer or of i r o n and l i t h i u m i n the octahedral layer. The 
r e s u l t i n g charge imbalance i n the s t r u c t u r e i s compensated by the presence 
2 
of external exchangeable cations • 
2.1.3. Miens and I l l l t e s 
The micas are also 2:1 layer structiires , which may be derived 




O O Silicons 
F i g . 2.1. Diagrammatic s k e t c h of the s t r u c t u r e of 
k a o l i n i t e , a f t e r Gruner^, 
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from p y r o p h y l l i t e and t a l c by s u b s t i t u t i o n of Al f o r one-quarter of the 
t e t r a h e d r a l Si atoms. The r e s u l t i n g excess negative charge i s balanced 
by strongly bound i n t e r l a y e r c ations. I f the i n t e r l a y e r c a t i o n i s 
potassium, one obtains from p y r o p h y l l i e the dioctahedral mica 
rauscovite iKAl^{Si^Al)0^^{0]i)^) and from t a l c the t r i o c t a h e d r a l mica 
phlogopite (KMg^(Si^Al)0^Q(0H)2). 
Micas d i f f e r from smectites i n that the unbalanced charge i s 
concentrated i n one l a y e r , Etnd t h a t the compensating cations are non-
exchangeable. In a d d i t i o n , micas e x h i b i t no expanding p r o p e r t i e s ^ . 
Other micas d i f f e r from muscovite and phlogopite i n having various 
s u b s t i t u t i o n s i n the octahedral layer or d i f f e r e n t i n t e r l a y e r cations. 
Examples are paragonite 
(NaAl2(Si^Al)0^Q(0H)2) » b i o t i t e 
(K(Mg,Fe)^(Si^Al)0^^(OH)^ , and zinnwaldite (K(Li,Pe,Al)(Si^Al) O^^QCOH)^. 
The s t r u c t u r e of micas have been investigated i n d e t a i l by a 18—22 21 number of workers . The structxire of muscovite i s i l l u s t r a t e d i n 
Fig, 2.2. I n micas there are two d i s t i n c t octahedral s i t e s , v;hich, i n 
a dioctahedral mica such as muscovite, ftre distinguished by both size 
and symmetry. Though both octahedra contain four oxygen atoms and two 
hydroxyl groups, the smaller ( g e n e r a l l y occupied by aluminium) has the 
two hydroxyl groups on adjacent corners of the octahedron, while the 
l a r g e r , g enerally vacant, has the two hydroxyl groups on opposite 
corners of the octahedron. These s i t e s are sometimes r e f e r r e d t o as 
1 21 
the * c is* and 'trans' octahedral s i t e s respectively ' . 
Often micaceous minerals of lov;er c r y s t a l l i n i t y than t r u e micas 
are found i n clay deposits. These minerals have been termed ' i l l i t e s ' 
or 'hydrous micas'. Some uncertainty has occurred as t o the precise 
nature of the d i s t i n c t i o n between i l l i t e s and w e l l - c r y s t a l l i s e d micas. 
I t i s probable t h a t a l l gradations i n structure between smectites, i l l i t e s 
and w e l l - c r y s t a l l i s e d micas occ^JLr, characterised by v a r i a t i o n s i n the 
natiire and extent of layer s u b s t i t u t i o n s and by v a r i a t i o n s i n the 
2> 5 
firmness of bonding of the i n t e r l a y e r cations and ease of hydration ' . 
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QOjrygens, @ Hydro.ry/s^ Q Aluminum^ " (^Potassium 
O and © Silicons (one fourth replaced by oluminums) 
F i g 2.2. Diagrammatic s k e t c h of the s t r u c t u r e of 
(21 1 muscovite^ '. 
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2.2. The OccurrencG of Iron i n Clay Minerals 
The t r a n c i t i o n metals v/hich a r e most commonly found i n c l a y minerals 
are i r o n and titanium, both of v/hich frequently occur as f r e e or 
1 23 24- 25 2^ surface-bound oxides and hydroxides ' ' . S i k o r a and cov:orkers 
i n v e s t i g a t e d the mode of occxirrence of iron i n k a o l i n s from S i l e s i a , and 
concluded that : 
( a ) Part of the iron content of the c l a y s occurs i n the form of removable 
oxides and hydroxides, and part i n a combined form ; 
( b ) Of the combined i r o n , some i s bound to k a o l i n i t e , but a greater 
proportion to i m p u r i t i e s such as micas ; 
( c ) Only the f r e e or removable i r o n i n f l u e n c e s the brightness ( l i g h t 
r e f l e c t i v i t y ) of the c l a y s . 
Grim^ s t a t e s that there i s some evidence f or a l i m i t e d degree of 
s u b s t i t u t i o n of Pe^^ and Ti"^"*" for Al^"*" i n k a o l i n i t e , p a r t i c i o l a r l y i n 
27 3+ disordered k a o l i n i t e s . Robertson and cov/orkers suggested that Fe 
p a r t i a l l y replaced A l ^ ^ i n a disordered k a o l i n i t e from Tanganyika.In 
addi t i o n , the isomorphous replacement of Al"^^ by Pe^^ has been r e l a t e d 
to disorder i n f i r e c l a y s ^ ^ ^ 
I n micas and smectites, the occurrence of r e l a t i v e l y large 
concentrations of ferr o u s or f e r r i c i r o n i n the octahedral s i t e s i s 
v/ell known ' . The evidence f or the occurrence of i r o n i n the t e t r a h e d r a l 
l a y e r i s l e s s s u b s t a n t i a l , although c r y s t a l l o g r a p h i c studies of both 
phlogopite^^ and a s y n t h e t i c biotite"^*^ have i n d i c a t e d that Pe^ "*" may 
repla c e Si^"*" . 
2+ 3+ 
More information regarding the l o c a t i o n of Pe and Pe i n sheet 
s i l i c a t e s have been obtained i n recent years by the techniques of o p t i c a l 
absorption spectroscopy^^"'^^ and Mtissbauer spectroscopy"^^ 
Maiden and Meads^^ obtained Mbssbauer sp e c t r a f or two k a o l i n s from 
S t . A u s t e l l , Cornwall, from v/hich f r e e i r o n oxides and micas had been 
removed by a c i d washing and magnetic e x t r a c t i o n r e s p e c t i v e l y , and showed 
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"the r e f i n e d k a o l i n s (v;hich chemical a n a l y s i s showed to contain ahout 
0.3/3 ^^2^y e x h i b i t a doublet c h a r a c t e r i s t i c of Fe ions i n 
octahedral s i t e s . No accurate computational f i t t i n g of the spe c t r a v/ere 
c a r r i e d out, hov/ever, and i t i s poss i b l e that any contributions from 
Fe"^^ ions i n t e t r a h e d r a l s i t e s might not have been resolved i f t h e i r 
s p e c t r a l parameters v/ere s i m i l a r , 
32 
V/eaver and coworkers c a r r i e d out a survey of the Mttssbauer s p e c t r a 
of a range of iron - c o n t a i n i n g c l a y minerals, and obtained some evidence 
f o r the occurrence of Fe^^ i n t e t r a h e d r a l s i t e s i n c r o n s t e d t i t e and i n 
a gyhthetic i r o n b i b t i t e , 
A number of other Mbssbauer s t u d i e s , p a r t i c u l a r l y of micas, have 
33-38 34 been undertaken . Taylor and coworkers obtained poorly resolved 
liossbauer s p e c t r a of a number of l a y e r s i l i c a t e minerals, and claim to 
have resolved doublets c h a r a c t e r i s t i c of both octahedral and t e t r a h e d r a l 
Fe^^ i n amesite and b i o t i t e , 
Hogg and Meads i n v e s t i g a t e d the MBssbauer spectra of a number of 
micas and r e l a t e d minerals, and subjected the r e s u l t s to d e t a i l e d computer 
a n a l y s i s . I t v/as shown that most of the spectra contained three doublets, 
2+ 
two of v;hich v;ere assigned to" Fe ions occupying both c j s and trans 
octahedra, and the t h i r d t o Fe"^ "*" ions, a l s o occupying an octahedral 
s i t e ( t u i s p e c i f i e d ) , Ho evidence for the s u b s t i t u t i o n of Fe^ "*" i n 
38 
t e t r a h e d r a l s i t e s was obtained. However Hogarth and cov/orkers obtained 
MBssbauer s p e c t r a f o r Fe^^ i n • t e t r a h e d r a l s i t e s i n two phlogopites from 
Quebec, which was c o r r e l a t e d with o p t i c a l absorption data^ 
Faye^^'^^ studied the o p t i c a l absorption spectra of a number of 
2+ 3+ 
micas and found f e a t u r e s a t t r i b u t a b l e to Fe and Fe octahedral 
s i t e s , i n ad d i t i o n to bands at about 14 ,000 cra"^ i n b i o t i t e and 
2+ 3+ 
phlogopite due to an Pe - Fe charge t r a n s f e r process, 
Hogarth and coworkers observed three weak bands between 
19 ,000 and 23 ,000 cm~^ i n phlogopites which were strongly pleochroic: 
an 
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d u n c h a r a c t e r i s t i c of bands due to octahedrally coordinated Fe^^. These 
bands were assigned to Pe^^ i n t e t r a h e d r a l s i t e s . 
The majority of the studies of o p t i c a l absorption i n s i l i c a t e 
minerals have been performed by recording the spe c t r a of s i n g l e c r y s t a l s 
or fl.-l:es^ ° I^or most povjder samples, such as c l a y minerals, a l t e r n a t i v e 
47 
techniques such as d i f f u s e r e f l e c t a n c e spectroscopy must be employed. 
Unfortunately, no general sur'/ey of the d i f f u s e r e f l e c t a n c e spectra 
of c l a y minerals appears to have been published as y e t . Nevertheless, i t 
v;ould appear from the r e s u l t s c i t e d i n t h i s s e c t i o n obtained f o r s i n g l e 
c r y s t a l micas and r e l a t e d s t r u c t u r e s that considerable evidence occurs 
that i r o n s u b s t i t u t e s i n octahedral s i t e s ajid probably a l s o i n t e t r a h e d r a l 
s i t e s i n c l a y minerals, 
2.3» Behvdroxvlation and Thermal Phase Transformations of Clay 
Minerals 
Since the work reported i n t h i s t h e s i s i n c l u d e s an account of the 
changes observed i n the ESR spectra of k a o l i n i t e and r e l a t e d minerals 
following heat treatment, an account of the s t r u c t u r a l changes and 
transformation processes undergone by c l a y minerals on heat treatment 
w i l l be given i n t h i s s e c t i o n . 
The e f f e c t of heat on k a o l i n i t e group minerals has been reviewed 
by Grim,^ Holdridge and Vaughan^^ and Richardson'^^. D i f f e r e n t i a l thermal 
28 
a n a l y s i s (DTA) s t u d i e s of k a o l i n i t e s r e v e a l a number of c h a r a c t e r i s t i c 
r e a c t i o n s i n d i c a t i v e of s t r u c t u r a l changes. Apart from peaks a t t r i b u t a b l e 
to the removal of f r e e moisture or organic matter, the DTA curves of 
k a o l i n i t e e x h i b i t ( i ) a mai-ked endothermic r e a c t i o n , peaking a t ^ 80^-' 
600°C ; ( i i ) an exothermic r e a c t i o n at about 950*^-980°C , and ( i i i ) 
a smaller exothermic r e a c t i o n between 1 1 0 0 a n d 1200^C, 
The endothermic r e a c t i o n i s due to the removal of l a t t i c e hydroxyl 
groups as water, together with s t r u c t u r a l rearrangement l e a d i n g to the 
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X^ray amorphous, disordered phase known as metakaolin. The small high-
temperature exotherm has "been a t t r i b u t e d to the c r y s t a l l i s a t i o n of 
m u l l i t e ilM^Oy^^iO^)} and c r i s t o h a l i t c (SiO^) v/hich are i d e n t i f i a b l e 
by X-ray d i f f r a c t i o n . 
There i s considerable controversy concerning the p r e c i s e nature 
and 6truct\ixe of metakaolin ; the transformation processes responsible 
f o r the 9 5 0 ° - 9 8 0^C exotherm, and the nature of the phases v/hich are 
present p r i o r to the f i n a l c r y s t a l l i s a t i o n of m u l l i t e and c r i s t o b a l i t e . 
49 
Prom s i n g l e - c r y s t a l X-ray s t u d i e s , Brindley and Nakahira found 
that r e f l e c t i o n s of the type (hkO) p e r s i s t e d a f t e r the dehydroxylation 
of k a o l i n i t e , and proposed a s t r u c t u r e for metakaolin ( F i g 2.3) i n 
which the aluminium atoms occupy edge-shared t e t r a h e d r a l s i t e s , and 
considerable disorder e x i s t s along the.c-axi9. 
Taylor^*^ has suggested an a l t e r n a t i v e inhomogeneous dehydroxylation 
mechanism f o r k a o l i n i t e . I n t h i s mechanism water i s not l o s t uniformly 
throughout the s t r u c t u r e , but only from 'donor' regions i n which pores 
are created, while o r i e n t a t e d conversion to a c r y s t a l l i n e product occurs 
i n the 'acceptor' regions. The process requires a counter-diffusion of 
protons and c a t i o n s . A conserruence of t h i s mechanism i s that the order 
of the s t r u c t u r e i s d i c t a t e d by the nature of the close-packing of 
the oxygen atoms, while the A l ^ ^ and S i ^ ^ ions are d i s t r i b u t e d more 
or l e s s randomly among the a v a i l a b l e t e t r a h e d r a l i n t e r s t i c e s of the 
o^cygen framework. This d i f f e r s from the model of Brindley and Nakahira 
i n v/hich the symmetry of the A l ^ ^ g^^f^ S i ^ ^ s i t e s i n metakaolin are 
considered to be d i f f e r e n t . 
On the b a s i s of a more recent determination of the d e n s i t y of 
metakaolin, Preund has suggested a modification of the Brindley-Nakahira 
model cont a i n i n g a high concentration of l a t t i c e voids which are 
r e l e a s e d at 950*^C by c o n t r a c t i o n , together with the formation of a 
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* Atuminum • S i l i con 
F i g . 2.3. The s t r u c t u r e of metaxaolin proposed by 
u r i n d l e y and Nakahira"^^. (A) P r o j e c t i o n 
on (001) plane.. (B) S l e v a t i o n a l o n ^ a - a x i a 
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defect A l - S i s p i n e l ^ ^ . The exotherm has been g e n e r a l l y a t t r i b u t e d to 
V 48 ,49 the formation of e i t h e r a s p i n e l or of J-aluj-nina 
B r i n d l e y and Nakahira have provided the most consistent o v e r a l l 
49 
i n t e r p r e t a t i o n of the k a o l i n i t c - m u l l i t e r e a c t i o n sequence^. They 
considered the transformations to be represented by the follov/ing- . 
r e a c t i o n s t 
k a o l i n i t e metakaolin 
2(A1 0 2 S i 0 ) ) 2A1 0 , 3 S i 0 + SiO 
2 3 2 Q25''C 2 3 2 2 metakaolin s p i n e l s i l i c a 
8 1 m u l l i t 
type phase 
s p i n e l 1100 C ^ m u l l i t e - c r i s t o b a l i t e 
3(A1^0 .SiO ) ^ 3A1 0 .23iO + SiO 
^ 3 2 UOO^ 2 3 2 2 
1 : 1 mull i t e - t y p e m u l l i t e c r i s t o b a l i t e 
phase 
Though the scheme of Brin d l e y and Uakahira^^ has r e c o n c i l e d 
52 
d i screDancies i n experimental r e s u l t s , more recent infrared-' ,electron 
53 
d i f f r a c t i o n and el e c t r o n microscope studies have y i e l d e d data which 
cannot be e n t i r e l y explained i n terms of t h e i r proposed s t r u c t u r e and 
re a c t i o n sequence. In p a r t i c u l a r , Pa-npuch has proposed a modified 
metakaolin s t r u c t u r e v;hich contains about 12/o of the o r i g i n a l OH groups 
and which p a r t i a l l y decomposes i n t o aliunina and s i l i c a p r i o r to 
c r y s t a l l i s a t i o n of the s p i n e l phase-^ , 
Br i n d l e y and McKinstry^^ showed that the energy of the alujnini\ua 
X-ray changed on going from k a o l i n i t i s to metakaolin, co n s i s t e n t 
w i t h a change i n the coordination number of aluminium from 6 to 4* 
The evidence regarding the coordination of aluminium in higher temperature 
phason i s l e s s c l e a r l y defined, but i t appears probable that alximinium 
can occupy both 6 - f o l d and 4 - f o l d s i t e s ^ ^ ' ^ ' ^ . There appears 
to be l i t t l e or no data a v a i l a b l e i n the e x i s t i n g l i t e r a t u r e 
- 39 -
concerning the environment or oxidation s t a t e of iron i n metakaolin 
or i n any of the higher-temperature phases. Duncan and coworkers^^ 
and Mackenzie^^ obtained MBssbauer data for heated k a o l i n i t e s which 
i n d i c a t e d s i g n i f i c a n t changes i n the environment of the iron i m p u r i t i e s 
v/ith the temperature of heating. Ho d e t a i l e d analyses of the spectra 
v;ere c a r r i e d out, hov:ever, and the r e s u l t s v/ere int e r p r e t e d only in 
a s p e c u l a t i v e manner. 
The dehydration c h a r a c t e r i s t i c s of micas, i l l i t e s and smectites, 
and the nature of the high-temperature phases formed, have been reviewed 
by Grim^, For w e l l - c r y s t a l l i s e d micas a gradual l o s s of water occurs at 
temperatures up to about BOO^C v/hich i s not accompanied by any marked 
s t r u c t u r a l changes. The thermal behaviour of i l l i t e s i s somewhat 
d i f f e r e n t , evolution of i n t e r l a y e r water occurring at r e l a t i v e l y low 
temperatures, and a sharper l o s s of l a t t i c e OH groups occurring between 
350^0 and 600°C, though again accompanied by no s i g n i f i c a n t s t r u c t u r a l 
a l t e r a t i o n . Between 850°C and 1100*^0. a v a r i e t y of higher-temperature 
phases may be formed whose nature depends l a r g e l y on the composition 
of the s t a r t i n g m a t e r i a l . The thermal behaviour of smectites i s s i m i l a r . 
Evidence f or 4-fold coordination of aluminium i n dehydrated micas 
has been obtained by i n f r a r e d spectroscopic s t u d i e s ^ . Changes in the 
environment of iron i n i l l i t e and montmorillonite following dehydration 
have been re v e a l e d by MBssbauer studies^*^. Also, the oxidation of Pe^^ 
to Fe^^ i n micas and r e l a t e d minerals, accompanied by conversion of 
hydroxyl groups to oxygen, i s . knov/n to occur at r e l a t i v e l y low , 
temperatures^^ 
Previous ESR st u d i e s of k a o l i n i t e and other c l a y minerals, which 
are of c e n t r a l importance to the present work, are discussed i n the 
next s e c t i o n . 
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2 .4* Previous E l e c t r o n Spin Renonance Studies of Clay -'inerals 
I n t h i s s e c t i o n , the r e l a t i v e l y few previous studies of E5R 
absorption i n c l a y minerals and micas are reviev:ed. A summary of the 
f a i r l y extensive body of work r e l a t i n g to the SSR spectra of t r a n s i t i o n 
ions i n other c l a s s e s of s i l i c a t e s and a l u m i n o s i l i c a t e s i s given i n 
Chanter 3, p a r t i c u l a r emphasis being placed on the c h a r a c t e r i s t i c s p e c t r a 
a t t r i b u t a b l e to high-spin Fe^^ ions occupying d i s t o r t e d octahedral or 
te t r a h e d r a l s i t e s . 
The f i r s t reported study of E5R i n k a o l i n i t e i s that of Boesman 
and Schoemaker^^ v/ho i d e n t i f i e d tv;o resonances common to a range of 
samples from various l o c a t i o n s : 
( i ) An asymmetric two-line resonance (here r e f e r r e d to as 'Resonance A*) 
centred at approximately g = 2 .0 and having lineshape c h a r a c t e r i s t i c of 
an a x i a l l y symmetric centre i n a pov:der sample. 
( i i ) A t h r e e - l i n e spectrum (here r e f e r r e d to as 'Resonance B») whose 
lineshape ivas c h a r a c t e r i s t i c of the pov/der spectrujo of a system having 
orthorhombic symmetry. 
Boesman and Schoemaker shov/ed from X-ray spectrometric analyses 
that the only paramagnetic element present i n s u f f i c i e n t concentrations 
to account f or the observed spectra v;as i r o n . Since Pe^^ ions g e n e r a l l y 
oi^ly give observable s p e c t r a at low temperatures, resonances A and B 
were a t t r i b u t e d to Pe^^ ions occupying d i s t o r t e d aluminium and s i l i c o n 
s i t e s r e s p e c t i v e l y . 
Ti-.'o c r i t i c i s m s may be made of the v/ork of Boesmpji and Schoemaker : 
f i r s t l y , no consideration was made of the p o s s i b i l i t y that the spectra 
might be due to, or contributed to by, any other species such as 
exchangeable c a t i o n s , defect c e n t r e s , or paramagnetic centres i n 
any impxirities such as micas. Secondly, t h e i r i n t e r p r e t a t i o n of 
Resonance B i s based on a perturbation method v/hich was used by Castner 
and coworkers^^ to i n t e r p r e t the liJSR spectrum of Pe^ "*" in s i l i c a t e 
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g l a s s e s v;hich i s shown i n Chapter 7 of t h i s t h e s i s to be i n a p p l i c a b l e 
to the case of Pe"^^ i n k a o l i n i t e because of the r e l a t i v e magnitude of 
the spin Hamiltonian parameters employed i n the c a l c u l a t i o n . 
P r i e d l a n d e r and coworkers^^ observed resonancer at g = 2 .0 i n 
k a o i i n i t e , i l l i t e and montmorillonite which they a t t r i b u t e d to organic 
f r e e r a d i c a l s believed to be present i n r e s i d u a l carbonaceous m a t e r i a l . 
The resonance i n k a o l i n i t e v;as of a s i m i l a r linesha.pe to -Resonance A 
of Boesman and Schoemaker^"^ and c l e a r l y the i n t e r p r e t a t i o n s given by 
the two groups of v;orkers are at v a r i a n c e . 
More r e c e n t l y , V/auchope and Haque shov/ed that the resonances at 
g = 2 .0 i n samples of k a o l i n i t e and montmorillonite s i m i l a r to those 
i n v e s t i g a t e d by Priedlander and coworkers were unaffected by treatment 
with chloroform or o x i d i s i n g agents and therefore suggested that the 
resonances VJQTQ due to r a d i c a l s or d e f e c t s located within the c l a y 
mineral s t r u c t u r e s ' ^ • 
Tadzhiev and cov/orkers^^ studied changes in the i n t e n s i t y and 
l i n e w i d t h of resonances at g = 2 . 0 which occurred on heating various 
c a t i o n i c forms of k a o l i n , but the r e s u l t s v/ere inconclusive and no 
d e f i n i t e assignment of the resonance to p a r t i c u l a r paramagnetic species 
was made. 
68 
Matyash and coworkers c a r r i e d out a d e t a i l e d liSR study of an 
i l l i t i c mica, and observed two p r i n c i p a l features : 
( i ) A resonance at g = 4-37 of l i n e w i d t h 120 i 10 gauss , a t t r i b u t e d 
to i s o l a t e d Pe^ "*^  ions occupying d i s t o r t e d s i t e s of approximately 
orthorhombic symmetry ; 
( i i ) An extremely broad resonance at g = 2 .03 of linev:idth 1200 ± 50 
gauss, a t t r i b u t e d to strong exchange i n t e r a c t i o n s occurring between 
c l u s t e r s of neighbouring Pe^ "*" ion s . 
The i n t e n s i t y of the g = 4 .37 s i g n a l increased on heat treatment. 
T h i s was a t t r i b u t e d to the oxidation of Pe^ "*" to Pe-^t and was c o r r e l a t e d 
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v/ith the removal of l a t t i c e OH groups, monitored by observing the 
reduction i n i n t e n s i t y of the proton WAR s i g n a l . 
Kemp^^ observed resonances i n s i n g l e c r y s t a l s of muscovite and 
phlogopite which were a t t r i b u t e d to Fe"^ "*^  ions i n s i t e s of orthorhombic 
symmetry. Movoshilov and cov/orkers^^ studied the E-'^H s p s c t r a of i r o n , 
vanadium and manganese i n a s y n t h e t i c fluoronhlogopitc, and obtained 
evidence f o r Pe^^ ions occupying both 4-fold and 6-fold s i t e s . 
I t i s c l e a r from the work summarised i n t h i s s e c t i o n that the ESR 
s p e c t r a of micas may contain f e a t u r e s v/hich overlap with the SSR s p e c t r a 
of k a o l i n i t e s . Any i n t e r p r e t a t i o n which i s placed upon the ESH spectra 
of c l a y minerals, p a r t i c u l a r l y k a o l i n i t e s and micas, must therefore 
take i n t o account the p o s s i b i l i t y t hat paramagnetic ions l o c a t e d i n 
m i n e r a l o g i c a l i m p u r i t i e s may i n f l u e n c e the nature of the s p e c t r a of 
n a t u r a l m i n e r a l s . I n the present v/ork, i t i s shovm that the 33R spectra 
of k a o l i n s are contributed to and modified by the presence of micaceous 
or i l l i t i c i m p u r i t i e s . 
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3. PRL^AIOUS 5L5CTR0I.T 3PiH Rij^^QUAIICli: STUDIES OF Fe"^ "^  IONS III CRYSTALS 
3» 1 Introduction 
I-lany of the r e s u l t s presented i n t h i s t h e s i s are concerned with 
the ^ R s p e c t r a of f e r r i c ions occupying s u b s t i t u t i o n a l s i t e s v/ithin 
the a l u m i n o s i l i c a t e l a t t i c e s of c l a y minerals. An approach tov/ards the 
i n t e r p r e t a t i o n of these r e s u l t s may be p a r t i a l l y derived from numerous 
previous s t u d i e s of the ESR spectra of Fe"^^ i n a v a r i e t y of host materials, 
These i n v e s t i g a t i o n s are therefore reviewed i n t h i s chapter, although 
no attempt to comprehensively cover such a vast f i e l d can be made. 
The present d i s c u s s i o n i s concerned s o l e l y with the Fe"^^ ion, 
2+ 
s i n c e the non-Kramers Fe ion g e n e r a l l y only gives observable ESR 
phenomena at low temperatures which were beyond the resources of the 
present study. 
In § 3.2 previous experimental studies of the ESR spectra of Fe^^ 
i n a v a r i e t y of host m a t e r i a l s , but not including a l u m i n o s i l i c a t e 
minerals, are reviev/ed, §3#3. siimnarises the previous ESR s t u d i e s of 
Fe"^ "*" i n s i l i c a t e s and a l u m i n o s i l i c a t e s , but not i n c l u d i n g c l a y minerals 
and micas v;hich have been previously discussed i n ^2.4. i3«4. o u t l i n e s 
the e x i s t i n g theory d e s c r i b i n g the ESR phenomena ass o c i a t e d with d^ ions 
i n environments of v a r i o u s symmetries, p a r t i c u l a r l y i n the presence of 
f a i r l y l arge z e r o - f i e l d s p l i t t i n g s . An outline of the s o l u t i o n of the 
spin Kamiltonian commonly used to i n t e r p r e t the ESR spectra of high-spin 
d^ ions i s given l a t e r i n Appendix 1, 
3.2. E l e c t r o n Spin Resonance Studies of Fe^^ i n Various Host M a t e r i a l s 
In 19^5 Sands^ a p p l i e d the technique of ESR spectroscopy to the 
study of t r a n s i t i o n metal i m p u r i t i e s i n g l a s s e s , and observed previously 
u n i d e n t i f i e d s i g n a l s having e f f e c t i v e g-values of approximately 4 and 6. 
2 
Castner and coworkers l a t e r i n v e s t i g a t e d the S3R s p e c t r a of 
s i l i c a t e g l a s s e s containing i r o n , and observed an intense resonance at 
- 4 a . 
g = 4.3 whose i n t e n s i t y could be c o r r e l a t e d v/ith f e r r i c i r o n concentration, 
The sharpness of the si g ^ i a l i n d i c a t e d that Fe^^ ions occupied fl f a i r l y 
v j e l l - d e f i n e d environment, and the l a r g e g - s h i f t indicated the presence 
of large c r y s t a l f i e l d e f f e c t s . The resonance was i n t e r p r e t e d i n terms 
of a spin Hamiltonian of the form 
' i ^ ^ ^ ^P'- ^^^^ " ^^^^^ • ^y^^ ^^'^^ 
v/here D and E are the a x i a l and rhombic z e r o - f i e l d s p l i t t i n g parameters 
2 
described i n Chapter 1. Castner and cov/orkers showed that i f the 
z e r o - f i e l d terms were much l a r g e r than the Zeeman energy, the ^^5/2 
groundstate: of the Pe^^ ion would be s p l i t into three Kramers' doublets 
having a separation much grater than the Zeeman energy. Introducing the 
Zeeman i n t e r a c t i o n as a pert\irbation on the energy l e v e l s of the 
z e r o - f i e l d case allov/s t r a n s i t i o n s to occur only between the s p l i t 
components of each doublet. In p a r t i c u l a r , i f B = 0 and E y! 0, v/hich 
corresponds to orthorhombic symmetry, an i s o t r o p i c resonance at g = 4*287 
i s predicted for the c e n t r a l doublet, i n good agreement with experiment. 
I f D iA 0 and E =s 0, corresponding to a x i a l symmetry, the lowest doublet . 
i s expected to have a resonance with e f f e c t i v e g-values g^^ = 2 and 
g ^ ~ ^» thus providing a possible explanation for the g = 6 l i n e 
observed by Sands^. 
The a x i a l l y symmetric case, with p r i n c i p a l g-values of 2 and 6, 
corresponds f a i r l y c l o s e l y to the observed E3R spectra of Pe"^^ i n 
haemoglobin^, 
Castner and coworkers suggested that the g = 4»3» and g = 6 
resonances and g l a s s e s could be assigned to Pe"^^ ions occupying 
t e t r a h e d r a l Si'^'*" s i t e s , the large z e r o - f i e l d s p l i t t i n g s probably 
a r i s i n g from the presence of l o c a l charge compensating ions. T h i s 
represented a f i r s t attempt at e x p l a i n i n g the nature of the environment 
of Pe-^ "^  i n g l a s s . 
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Tucker obtained a c o r r e l a t i o n "between the i n t e n s i t y of the g = 4 » 3 
resonance and Fe^^ content for a s o d a - s i l i c a g l a s s ^ . He a l s o observed 
that the i n t e n s i t y of the resonance increased on X - i r r a d i a t i o n , a t t r i b u t e d 
to the conversion of f e r r o u s ions to f e r r i c ions by hole trapping : 
Fe^-" + h.:" = Fe^"" ( 3 , 2 ) 
Kedzie and cov;orkcrs^ observed an approximately i s o t r o p i c resonance 
at about g =« 4.3 i n iron-doped calcium tungstate, and a t t r i b u t e d the 
3 + 6 + 
r e u l t s to the presence of Fe i n W s i t e s . The r e s u l t s v;ere f i t t e d to 
a spin Hamiltonian of tetragonal symmetry containing fourth-order terms. 
By assuming the existence of a f o r t u i t o u s r e l a t i o n s h i p betv/een c e r t a i n 
constants i n the Hamiltonian, they were able to deduce the same 
wavefunctions as those obtained by Castner and coworkers^ except that 
the resonance could a r i s e from the lov/est of the three Kramers* doublets, 
i n s t e a d of the c e n t r a l doublet as required by the theory of Castner and 
cov;orkers. Kedsie and coworkers c i t e d the lack of apparent depopulation 
at low temperatures as a d d i t i o n a l evidence for the assignment of the 
resonance to a groimdstate doublet. Subsequent low-temperature studies 
produced c o n f l i c t i n g r c s u l t s ^ / ^ . 
The f a c t that Kedzie and coworkers^ needed to assume a s p e c i a l . 
r e l a t i o n s h i p between the spin Hamiltonian parameters i n order to explain 
the g = 4»3» resonance i s u n s a t i s f a c t o r y , however, and the s p e c i a l nature 
of the r e l a t i o n s h i p stands i n sharp contr a s t to the extremely common 
occurrence of t h i s type of resonance. Blujnberg l a t e r obtained a good 
f i t to the dat of Kedzie and coworkers using a spin Hamiltonian e s s e n t i a l l y 
the same as that used by Castner and coworkers^ but rotated to a d i f f e r e n t 
a x i s system. 
g 2+ V/ickman and coworkers'^ obtained 2SR spectra of Fe ions i n 
p o l y c r y s t a l l i n e Ferrichrome A, in. which Pe"^^ occupies a d i s t o r t e d 6 - f o l d 
c o n f i g u r a t i o n of oxygen l i g a n d s . The theory used by them was based on t h a t 
of Castner and coworkers^ except for the choice of a x i s system f o r the 
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spin Kamiltonian ( 3 , l ) such that t h e i r l a b e l l i n f ^ of spin components 
co i n c i d e s v/ith the proper a x i s system defined by Blumber{i' • In t h i s 
system, i t can be shown that a l l types of symmetry between a x i a l and 
completely-orthorhombic can be described by values of A = S/D l y i n g 
betv;een 0 and V/ickman and coworkers" c a l c u l a t e d the eigenvalues of the 
z e r o - f i e l d Hamiltonian and the p r i n c i p a l g-values of the resona.nces 
a s s o c i a t e d v;ith each of the three Kramers' doublets for a range of 
v a l u e s of X • These q u a n t i t i e s are tabulated i n Appendix 1 ; the 
transformation properties of the spin Hamiltonian are given in Appendix 
A number of s t u d i e s of the ESR spectra of Fe^^ ions i n environments 
having intermediate or l a r g e z e r o - f i e l d s p l i t t i n g s have been made^^^^. 
The magnitude of the z e r o - f i e l d s p l i t t i n g s have sometimes been a t t r i b u t e d 
to the presence of l o c a l charge-compensating io n s . 
Loveridge and Parke^^ have extended the study of t r a n s i t i o n metal 
ions i n s i l i c a t e g l a s s e s , and have l i s t e d a number of stereochemical 
c o n f i g u r a t i o n s from which resonances i n the region of g = 4 can a r i s e . 
Apart from the numerous studies of high-spin Pe^^ ions i n organic 
and b i o l o g i c a l substances^*^'.^'^"^^ a d d i t i o n a l resonances have been 
observed at low temperatures i n some f e r r i c heme proteins v;hich have 
been a t t r i b u t e d to low-spin Pe"^^ i o n s ^ ^ ' ^ ^ . 
Apart from the symmetry of the environment and the spin s t a t e , the 
ESR spectra of Pe^^ i n c r y s t a l l i n e s o l i d s i s influenced by the concentration 
of i r o n , s i n c e at high concentrations strong exchange e f f e c t s are observed, 
as previously discussed i n An i l l u s t r a t i o n of t h i s e f f e c t i s 
20 
provided by the work of B i r c h a l l and coworkers v/ho c a r r i e d out 
spectroscopic and magnetic studies of Pe^^ ions i n a v a r i e t y of oxides 
having v a r i o u s iro n concentrations. At low concentrations, l i n e s at g =» 
4»3 due to i s o l a t e d Pe^^ ions v/ere observed i n a number of samples ; a t 
higher concentrations the predominant features of the s p e c t r a v;ere broad 
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l i n e s at g = 2.0 a t t r i b u t e d to superexchange-coupled neighbouring 
Pe^^ - Fe"^^ p a i r s . The supereichange coupling therefore e f f e c t i v e l y masks 
the e f f e c t of the l o c a l environment of the Fe"^^ i o n s . S i m i l a r broad 
resonances a t t r i b u t a b l e to superexchange phenomena have been observed 
21 22 1 3 i n iron-doped alum , micas and borate glasses . 
3 . 3 . E l e c t r o n Snin Resonance Studies of Fe^^ i n Sili c g . t e s and 
Alximinosilicates 
A l a r g e number of ESR studies of t r a n s i t i o n metal ions i n s i l i c a t e s 
and a lurainoGilicates have been c a r r i e d out, of v/hich a re l e v a n t s e l e c t i o n 
are reviewed i n t h i s s e c t i o n . Reviev/s on the subject have been published 
by Ma,rftinin^^ and Lov/^^. I n t h i s s e c t i o n , only those studies d e a l i n g 
with Fe^^ ions are considered, 
ESR s t u d i e s of Fe^ i n na t u r a l and synthetic o<-quartz have . . 
in d i c a t e d that Fe^^ occupies S i ^ ^ s i t e s with l o c a l charge compensating 
. 26 
c a t i o n s i n i n t e r s t i t i a l p o s i t i o n s . Lehmann and Moore and Matarresse 
and cov;orkers have i n v e s t i g a t e d the HSR spectrum of Fe i n s y n t h e t i c 
brown quartz, 
E3R s p e c t r a of s u b s t i t u t i o n a l Fe"^ "*" ions have a l s o been reported 
28 
f o r a number of a l u m i n o s i l i c a t e minerals such as topaz , the Al^SiO^ 
polymorphs andalusite"^^' , kyanite"^^ and s i l l i m a n i t e " ^ ^ , the 
aluminium-magnesium s i l i c a t e c o r d i e r i t e ^ ^ , folds pars "^ ^ and z e o l i t e s ^ ^ * 
I n many of these minerals the observed spectra were extremely complex, 
i n some cases a r i s i n g from overlapping features due to Fe"^ occupying 
more than one s i t e w i t h i n the unit c e l l . 
Though many workers have used a spin Hamiltonian of the type ( 3 . l ) 
to i n t e r p r e t t h e i r r e s u l t s , unfortunately many workers have not given their* 
r e s u l t s i n terms of the proper a x i s system of coordinates, and consequently 
thf^ comparison of r e s u l t s i s frequently rendered d i f f i c u l t , or leads to 
apparent:discrepancies. For example, i n the case of Fe^^ i n topaz, s p e c t r a 
a t t r i b u t e d to Fe^^ r e p l a c i n g Al"^ "*" i n d i s t o r t e d octahedral s i t e s have been 
observed by s e v e r a l i n v e s t i g a t o r s ^ ^ " ^ ^ but there appear to be d i s c r e p a n c i e s 
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i n the magnitudes and r a t i o of the z e r o - f i e l d s p l i t t i n g parameters D and 
E. I f , hov/ever, the spin Hamiltonian parameters are converted to the 
proper a x i s system using the transformations given i n Appendix 2 of t h i s 
28 
t h e s i s , i t i s found that the r e s u l t s of Thyer and coworkers , Dickinson 
and Moore^^ and Samilovich and coworkers"^^ are i n agreement, and correspond 
to the values E. = O.O8 cm ^; D = 0.32 cm ^; X = 0.25. 
The iSR s p e c t r a of Pe^ "*" i n andalusite*^^ * Icyanite^^ and s i l l i m a n i t e ^ ^ 
a l s o contain resonances a t t r i b u t e d to Pe"^^ i n d i s t o r t e d A l ^ ^ octahedral 
s i t e s with moderate to l a r g e z e r o - f i e l d s p l i t t i n g s . 
Hedgecock and Chakravarty^^ showed that Pe"^^ replaced Al^"*" i n 
d i s t o r t e d A l ^ ^ t e t r a h e d r a l s i t e s i n c o r d i e r i t e . From t h e i r r e s u l t s one 
c a l c u l a t e s that in the proper a x i s system the spin Hamiltonian parameters 
have the v a l u e s E = 0.26 cm"^; B = I.36 cm"^ ; A = O.I9. 
Other evidence for the occurrence of Fe"^^ i n d i s t o r t e d t e t r a h e d r a l 
s i t e s has been obtained f o r f e l d s p a r s ^ ^ ' "^^ and z e o l i t e s ^ ^ . 
I t i s c l e a r from the l i t e r a t u r e swimarised that Pe"^  ions can 
occupy both octahedral and t e t r a h e d r a l environments i n s i l i c a t e s and 
a l u m i n o s i l i c a t e s and that r e l a t i v e l y large z e r o - f i e l d s p l i t t i n g s may 
occur, depending on the symmetry of the environment, which can be 
influenced by a number of f a c t o r s i n c l u d i n g the possible presence of l o c a l 
charge-compensating i o n s . 
3.4. I n t e r n r o t a t i o n of the E l e c t r o n Spin Resonance Snectra of Hirh-spin 
Fe^ "*" Ions i n C r y s t a l s 
The Pe'^ '^  ion has a groundstate ^^5/2 » which i s o r b i t a l l y non-
degenerate and s i x f o l d degenerate i n s p i n . The f i v e 3d e l e c t r o n s 
c o n s t i t u t e a h a l f - f i l l e d s h e l l , and to f i r s t order t h i s system has 
no i n t e r a c t i o n with an e l e c t r i c f i e l d of any symmetry. One would 
the r e f o r e expect to observe i s o t r o p i c , s i n g l e - l i n e resonances at or 
near the f r e e - s p i n value, g^ = 2.0023# The f a c t that many ESR. s p e c t r a 
a s s o c i a t e d with Pe^ "*" ions have large g - s h i f t s i n d i c a t e s the e x i s t e n c e of 
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other i n t e r a c t i o n mechanisms not included i n the simple p i c t u r e of 
3-state ions and g i v i n g r i s e to the observed z e r o - f i e l d s p l i t t i n g s . 
These s p l i t t i n g s are thought to a r i s e predominantly because of 
the admixture of e x c i t e d s t a t e s i n t o the ground s t a t e by s p i n - s p i n and 
s p i n - o r b i t coupling processes. These e x c i t e d s t a t e s , not having s p h e r i c a l 
symmetry, are s p l i t under the act i o n of a x i a l and rhombic f i e l d s , and 
give r i s e to the (Quadratic a x i a l and rhombic z e r o - f i e l d s p l i t t i n g terms 
( D and E r e s p e c t i v e l y ) i n the second-order spin Hamiltonian, equation 
The magnitude of the various e f f e c t s c o n t r i b u t i n g to the s i z e of 
B and E for d^ ions has been the subject of c a l c u l a t i o n s by Sharma and 
coworkers^^. 
G r i f f i t h ^ ^ has outl i n e d the theory regarding the g = 4*3 resonance 
1 2 
f i r s t observed i n s i l i c a t e g l a s s e s ' and showed that the case E. ^  0, 
D a 0 i n the notation of Castner and coworkers (E/D a i n the proper 
a x i s system) corresponds to the case when an e x c i t e d quartet s t a t e of the 
Fe^^ ion i s s p l i t i n t o three equally spaced components. T h i s represents 
the case r e f e r r e d to here as 'complete* orthorhombic .symmetry. A l l 
other symmetries of orthorhombic cha r a c t e r , i n v/hich the quartet i s 
s p l i t i n t o three unequally spaced components, may be regarded as intermediati 
between complete orthorhombic symmetry and a x i a l symmetry, and are 
described i n terms of the spin Hamiltonian by a value of \ between 0-
and 
S t r i c t l y , the spin Hamiltonian ( 3 . l ) should contain higher-order 
43 
terms i n order to s p e c i f y more p r e c i s e l y the symmetry of the l i g a n d f i e l d - • 
Such terms are ge n e r a l l y included i n the d e s c r i p t i o n of ESR s p e c t r a i n 
s i n g l e c r y s t a l s , where d e t a i l e d experimental data are a v a i l a b l e , but. they 
are generally small, and r e s u l t s obtained from p o l y c r y s t a l l i n e m a t e r i a l s , 
i n c l u d i n g those of the present study, are not normally of s u f f i c i e n t 
p r e c i s i o n to j u s t i f y t h e i r i n c l u s i o n . 
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The s p l i t t i n ; ^ of the energy l e v e l s of the Fe"^^ ion predicted by 
the spin Hamiltonian (3»l) and the r e s u l t a n t behaviour of the iSSR 
s p e c t r a depend on the r e l a t i v e magnitude of the terms i n (3»l), and 
va r i o u s methods of s o l u t i o n have been employed depending on t h i s r e l a t i v e 
magnitude. An o u t l i n e of the various cases that can e x i s t i s given here, 
though f u r t h e r d e t a i l s and tabulated solutions are given i n Appendix 1» 
PoiiT cases may be d i s t i n g u i s h e d : 
Case 1.^  D a E = 0, The spin Hamiltonian contains the Zeeman term only, 
i . e . ^ j f j = S^p^*^ • Using the P a u l i spin matrices f o r the manifold 
of S = 5/2, one e a s i l y f i n d s that the system possesses s i x equ a l l y spaced 
energy l e v e l s given by E. = g^pM^ v/here M takes h a l f - i n t e ^ a l values 
between +5/2 and -5/2» There are therefore f i v e t r a n s i t i o n s allowed by 
the s e l e c t i o n r u l e 4m = 1, a l l of equal energy g^^^* Therefore a 
s i n g l e i s o t r o p i c l i n e at the f r e e - s p i n g-value i s expected, ( P i g , 3«l)# 
Case 2. I>» <^ gy?!!. I n t h i s case, the z e r o - f i e l d s p l i t t i n g s may be 
t r e a t e d as perturbations on the Zeeman s p l i t t i n g of the spin l e v e l s , 
and i t may be readuly shown that there are f i v e allowed t r a n s i t i o n s 
having g-values c l o s e to 2.0023* This case i s well-knovm experimentally^^ 
and i s i l l u s t r a t e : 3 i n F i g . 3-2. 
Case 3« D. E RflU* I n t h i s case, v;hich i s the converse of case 2, the 
energy l e v e l s and wavefunctions may be determined usi n g only the z e r o - f i e l d 
terms ; the 2eeman term may then be t r e a t e d as a parturbation on the 
2 
z e r o - f i e l d c a s e . This case i s covered i n the work of Castner and coworkers , 
v/ickman and coworkers^ and Holuj^^. The z e r o - f i e l d terms s p l i t the 
^^5/2 e ^ o ^ ^ s t a t e i n t o three Kramers' "doublets separated by energies 
l a r g e v/ith r e s p e c t to the Zeeman energy- These doublets a re then s p l i t 
by the a p p l i e d magnetic f i e l d , and allov;ed t r a n s i t i o n s can occur between 
the component l e v e l s of each doublet, since they are i n general admixtures 
of the pure s p i n s t a t e s . There are therefore three allowed t r a n s i t i o n s 
which are g e n e r a l l y a n i s o t r o p i c , f or each o r i e n t a t i o n of the applied 
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magnetic f i e l d r e l a t i v e to the c r y r j t a l axes ( F i g . 3.3) . 
The use of perturbation theory i n d e r i v i n g the r e s u l t s f o r t h i s 
case depends on the assumption that the z e r o - f i e l d s p l i t t i n g parameters 
are much l a r g e r than the Zeeman energy, but does not generally permit 
the determination of the absolute magnitudes of D and E, 
Case /I. I f no assumptions can be made about the r e l a t i v e magnitudes 
of D and E, or i f they are of comparable magnitude, then perturbation 
methods cannot be employed. I n the general case, the eigenvalue problem 
4il^> = /"^-.^ ( = .3) 
where E^ i s the set of energy l e v e l s of the spin system, cannot be solved 
e x a c t l y by a l g e b r a i c methods, and computational methods must be adopted. 
Dowsing and Gibson^^ have developed a computational procedure f o r 
determining the t r a n s i t i o n f i e l d s and t r a n s i t i o n p r o b a b i l i t i e s i n the 
general case, and have published s o l u t i o n s for d^ ions f o r values of 
between 0 and and v a l u e s of D betv;een 0 and 10 cm ^^ i l l u s ti'ated 
i n graphical form, 
Dowsing has since extended the method to be a p p l i c a b l e to a 
completely g e n e r a l i s e d spin Kamiltonian, and the programme '3SR3" 
developed by him has been made a v a i l a b l e to the author and used by 
him i n a n a l y s i n g some of the r e s u l t s of the present work. 
Using t h i s computational method, i t i s frequently p o s s i b l e to 
determine the magnitude of the parameters D and E, e s p e c i a l l y i f 
ESR measurements at more than one frequency are a v a i l a b l e , 
3.5. Summary 
I n t h i s chapter, previous published work on Fe^ "*" ions i n v a r i o u s 
host m a t e r i a l s by ESR spectroscopy has been reviewed, limphasis has been 
placed on the cases where asymmetrical ligand f i e l d s give r i s e to zero-
f i e l d s p l i t t i n g s which are comparable v:ith or l a r g e r than the Zeeman 
energy. Such e f f e c t s have been observed for Fe^ ions occupying both: 
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F i g . 3.1. S p l i t t i n g o f ^S^^^ groundstate of a d^ i o n due 
t o Zeeman i n t e r a c t i o n o n l y . 
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s/z 
A l e = + ^ "~ a. 
IT 3, 
z e r o f i e l d 
s p l i t f i n g 
F i g . 3.2. 
^ H 
S p l i t t i n g of ^ S^i^ groundstate of a i o n due t o 
weak z e r o - f i e l d ternis i n a d d i t i o n t o Zeeman 




F i g . 3.3. S p l i t t i n g of ^^5/2 ^^oundstate of a i o n f o r 
the case when the z e r o - f i e l d terms are l a r g e 
compared t o the Zeeman i n t e r a c t i o n . T r a n s i t i o n s 
occur only between the s p l i t l e v e l s o f each 
Kramers d o u b l e t . 
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d i s t o r t e d t e t r a h e d r a l and octahedral environments. 
An o u t l i n e of the o r i g i n of the z e r o - f i e l d s p l i t t i n g terms D and E 
has been given, together with a summary of the methods,by which the 
spin Hamiltonian (3«l) may be solved f o r varying r e l a t i v e magnitudes 
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4 . THiJ QRCAUIC i-iAT?>]H ASSOCIAT-jH) • q T H CLAYS AI.D ilATUILiL CARBOilACSOUS 
hAT:^:?IALS 
4.1. The A s s o c i a t i o n of Grranic i'-attor v:ith C l a y s 
I t v/as suggested by Friedlander and cov;orkers^ in t h e i r study 
of the E3R s p e c t r a of c l a y minerals that some of the features of the 
s p e c t r a of a number of c l a y s might be a t t r i b u t e d to the presence of 
organic r e s i d u e s vdiich contained f r e e r a d i c a l s s i m i l a r to those found 
i n hiunic a c i d s obtained from s o i l s , l i g n i t e s and c o a l s ^ ^, I n order 
to i n v e s t i g a t e t h i s question i n the present study of the ESR s p e c t r a 
of k a o l i n i t e s and r e l a t e d minerals, solvent f r a c t i o n a t i o n of the organic 
substances a s s o c i a t e d with the c l o s e l y r e l a t e d b a l l c l a y and l i g n i t e 
deposits o c c u r r i n g i n the Bovey Basin i n South Devo:: was c a r r i e d out, 
and the e x t r a c t i o n products and residues i n v e s t i g a t e d by E3R a,nd other 
spectroscopic techniques. These m a t e r i a l s were chosen for study s i n c e 
the Bovey B a s i n deposits provide a good example of a cl a y mineral o c c u r r r i n g 
i n c l o s e ne.tural a s s o c i a t i o n with carbonaceous matter. 
Consequently, i t i s considered of relevance to reviev; i n t h i s 
chapter the properties and c l a s s i f i c a t i o n of the organic matter frequently 
found i n c l a y s and n a t u r a l carbonaceous deposits. A survey i s a l s o given 
of previous ICSR s t u d i e s of fre e r a d i c a l s i n carbonaceous m a t e r i a l s , 
p a r t i c u l a r l y with reference to humic a c i d s . 
The organic substances a s s o c i a t e d with c l a y s bear a c l o s e resemblance 
i n many r e s p e c t s to those which occur i n s o i l s , peats and l i g n i t e s , 
and the methods employed i n t h e " f r a c t i o n a t i o n and i n v e s t i g a t i o n of these 
substances are frequently of a s i m i l a r nature. For these reasons i t i s 
advantageous from the viev.'point of the present work to give a t t e n t i o n 
not only to the nature of the organic matter a s s o c i a t e d with c l a y s , but 
a l s o to previous work c a r r i e d out on the organic matter of s o i l s , 
l i g n i t e s , c o a l s and other carbonaceous m a t e r i a l s . 
Organic matter may be as^iociated with c l a y minerals i n a number of 
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ways. I t nay "be present i n the cla.y (a ) i n a f i n e l y disperr^ed form but 
choni ical ly unattached to the c lay p a r t i c l e s ; (b) adoorbod on t o the 
ex te rna l surface of the c l ay pc^r t ic les , or ( c ) present as an i n t e r c a l a t i o n 
coniplex^. I n t e r c a l a t i o n co:nplexes are genera l ly r e rv t r i c t cd t o the 
GMectite G-Toup of minera l s , and t o a lesser extent h a l l o y s i t e and 
v e r m i c u l i t e ^ . i / i t h the evccption of h a l l o y s i t c , members of the k a o l i n i t e 
f^oup of minera l s , and a l so micas and i l l i t e s , do not genera l ly form 
i n t e r c a l a t i o n complexes under na tu ra l cond i t i ons , adsorpt ion of or^-anic 
matter c h i e f l y occurrinf^ on t h e i r surfaoes^*'^. The 0Tg3.nic matter 
associated w i t h c l ays , vihether of the dispersed or surfa.ce-adsorbed 
type , i s knov/n t o modify the physical and chemical proper t ies of the 
c lays i n a number of ways^^^'''''^^^ i n c l u d i n g the f r e q u e n t l y observed 
suppression of the endothermic DTA reac t ion of c lay minerals associated 
w i t h dehydroxy la t ion . This e f f e c t i s due t o the s t rong exothermic 
r eac t ion accompanying the combustion of organic ma-tter. Frequently 
OTA examina.tion of o r g a n i c - r i c h clays i s preceded by removal of the 
8.11 
organic mat te r . ' 
The nature of the organic substances associated v; i th n a t u r a l c l a y s , 
and the methods used f o r t h e i r e x t r a c t i o n and f r a c t i o n a t i o n have been 
• 
reviev/ed by a number of w o r k e r s ^ ' ^ ^ ' ^ ^ . I t i s possible t o c l a s c i f y the 
organic mat ter approximately on the basis of a solvent f r a c t i o n a t i o n 
scheme. This broad c l a s s i f i c a t i o n i s app l icab le a lso to the organic 
cons t i tuen t s of s o i l s , pei-.ts, l i g n i t e s r,nd coals , though corresponding 
f r a c t i o n s may vary somewhat i n composition depending on t h e i r eoui-ce^''^'^'^. 
Such a f r a c t i o n a t i o n scheme i s i l l u s t r a t e d diagri- .matical ly i n F i g . / ; . . l . 
The diagram shov/s t h a t the organic f r ac t ion :^ a tsoc ia ted v ; i th most 
n a t u r a l deposi ts incluuf : ( a ) f a t s and v/axes ; (b ) res ins and tannins ; 
( c ) carboliydrates ; (d) p ro t e in s , amino acids and other nitrogenous 
componds ; (e) l i g n i n and cc r t a i r . phenolic substances ; and ( f ) hiunic 
substances, which are formed from l i c T . i n and other subotances du r ing 
thc^ degradation of p lant remains. 
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Fats , waxes, res ins and tannins form the "bituminous f r a c t i o n , 
normal ly ex t rac ted t y the Soxhlet technirrue us ing cr^^anic s o l v e n t s ^ - ^ » . 
The humic f r a c t i o n - cons is t s of a mixture of h i g h l y condensed aromatic 
substances of h igh molecular vjeight , i n v a r i a b l y complexed w i t h 
carbohydrates, p ro t e in s , ca t ions and mineral matter I t may be 
subdivided i n t o (a) humic acids , which are a l k a l i soluble but i n so lub l e 
i n mineral acids ; ( b ) f u l v i c ac ids , which are soluble i n both a l k a l i s 
and mineral ac ids , and ( c ) humins, the inso lub le residues^^*"^"^' 
Some workers have also regarded the e thanol-soluble f r a c t i o n as a 
separate group of huraic substances.^^'^^ 
Since humic substances are not chemical ly homogeneous, t h e i r 
precise composit ion depending on the source and e x t r a c t i o n methods used, 
17 19 
any c l a s s i f i c a t i o n i s somewhat a r b i t r a r y ' ^ . Nevertheless they are of 
great importance i n r e l a t i o n t o clays and s o i l s because of t h e i r 
except ional complexing p rope r t i e s ' ^ ' ^ ' ^ . Moreover i t has been shovm by 
ESR tha t humic acids con ta in large q u a n t i t i e s of s table f r e e r a d i c a l s * , 
For these reasons, the next sect ion deals s p e c i f i c a l l y w i t h the e x t r a c t i o n 
and p roper t i e s of humic substances. I n subsequent sect ions , previous 
s tudies of organic matter associated w i t h l i g n i t e and b a l l c l a y , and 
previous s tudies of the ESR spectra of f r e e r a d i c a l s i n a wide range 
of na tu r a l carbonaceous ma te r i a l s , are reviewed. The order i n v/hich the 
va r ious t op i c s are discussed has been selected i n an attempt t o b r i n g 
together the i n f o r m a t i o n accrued from a wide v a r i e t y of s tudies i n an 
ordered manner, 
4 . 2 . E x t r a c t i o n and General Propert ies of Humic Substances 
4 • 2 . 1 . I n t r o d u c t i o n 
Though i t i s beyond the scope of t h i s thes i s t o suirvey i n d e t a i l 
the extensive previous s tudies of the e x t r a c t i o n , p u r i f i c a t i o n , chemical 
and spectroscopic s tudies of humic substances which have been c a r r i e d out> 
14-21 
and v;hich are amply reviewed i n the e x i s t i n g l i t e r a t u r e .
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a f a i r l y b r i e f siimmary v ; i l l bo given here of those studies most re levant 
t o the present vjork. A discuss ion of the previous studies of humic 
substances by E3R spectroscopy i s given i n ^4»5» 
(14-19) 
4»2#2. E x t r a c t i o n ^tethods 
The e x t r a c t i o n of humic substances (hu-nic and f u l v i c ac ids) from 
s o i l s or other sources i s normally preceded by removal of the bitumens 
by Soxhlet e x t r a c t i o n , as described i n 54*3., f o l l o w e d sometimes by 
demineral isa . t ion w i t h a c i d s . The sample i s then ex t rac ted usin;^ a 
d i l u t e aqueous base, f r e q u e n t l y sodiu;n hydroxide . A f t e r separa t ing the 
l i q u o r from the i n so lub l e res idue, hiimic acids are p r e c i p i t a t e d by 
a c i d i f y i n g t o a pH of approximately 2. Pulv ic acids remain i n s o l u t i o n 
and may be recovered by n e u t r a l i s i n g the s o l u t i o n and evaporating^ to 
dryness. 
Chemical degradation d i i r i n g the course of e x t r a c t i o n undoubtedly 
occurs, the extent of i^hich depends on the cond i t ions of e x t r a c t i o n 
used"*" .^ Recent workers have tended t o use milder or n e u t r a l solvents 
18 22 
f o r the e x t r a c t i o n of humic acids ' . E x t r a c t i o n i n a n i t r o g e n 
atmosphere has been employed t o prevent ox ida t ion , 
I n the present work, such a c o n t r o l of the e x t r a c t i o n condi t ions 
i s of lesser importance, since i t has been shovm tha t huniic acids 
con ta in a h i g h l y condensed aromatic core , con t a in ing the s table f r e e 
r a d i c a l s which give r i s e t o iSR spect ra , v;hich i s preserved even a f t e r 
a c i d hyd ro ly s i s^^ The hydrolysable f r a c t i o n contains the pe r iphe ra l 
17 
carbonates, p ro te ins and mineral matter » 
According t o Kononova^^, the bonds between h\imic substances and 
c lays may be broken by 0.1 N sodium hydroxide s o l u t i o n , and t h i s reagent 
has t h e r e f o r e been used i n the present work. 
4.2,3- General Proper t ies of Kumic Substances 
A l l humic substances e x h i b i t c o l l o i d a l p rope r t i e s , v a r y i n g i n 
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19 d i s p e r s a b i l i t y and s t a b i l i t y of c o a ^ l a t i o n denendinj^ on t h e i r composi-tion . 
The a^ i^egat ion of humic acids i n an a c i d i c mediurn has been a t t r i b u t e d 
t o hydrogen bondin^^^. 
Humic acids con ta in a v a r i e t y of f u n c t i o n a l groups, i n c l u d i n g 
c a r b o x y l , phenolic and a l c o h o l i c hydroxyl and methoxyl , as w e l l as 
a small q u a n t i t y of n i t r o g e n , part of which may be c lose ly bound and 
15 27 
poss ib ly present i n the form of he t e rocyc l i c r i n g s 
F u l v i c acids d i f f e r from humic acids i n c o n t a i n i n g less carbon, 
more oxygen and a higher p ropor t ion of f \ i n c t i o n a l groups. They have less 
aromatic character than humic ac ids , 
Humins have been regarded as high-molecular-v;eight humic substances 
18 
f i r m l y complexed t o minera l matter • 
Numerous s tudies of the f u n c t i o n a l group content and degradation 
products of humic substances have been made ~" • Some of these i n v e s t i g a t o r s 
discuss the possible pe . r t i c i na t i on of auinone species and semiquinone 
27 33 
f r e e r a d i c a l in te rmedia te s""^^ i n the fo rmat ion nrocesses of h\imic 
substances. 
Both the dark co lour and the s t a b i l i t y of f r e e r a d i c a l s i n humic 
a c i d t may be explained on the basis of extensive d e l o c a l i s a t i o n of 
"TT-^'ilectrons over the aromatic network^''^. Op t i ca l spectra of humic 
acids shov/ s t rong absorp t ion at lower wavelengths v;hich K l e i s t and 
lilicke attempted t o c o r r e l a t e w i t h the concent ra t ion of f r e e r ad ica l s 
i n so lu t ions of humic acids from var ious sources^^. 
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4.3. 'Iho Or.ranic Matter Associated v ; i th B a l l Clays and Li.'"--nites 
4.3 . 1 . B a l l Clavs 
23-11 c lays are secondary or sedimentary k a o i i n i t e s , having been 
t ranspor ted f rom t h e i r o r i g i n a l l o c a t i o n by n a t u r a l agencies, as d i s t i n c t 
f rom primary or r e s i d u a l k a o i i n i t e s , exempl i f i ed by the St . A u s t e l l 
china c l a y s B a l l c lays occur i n England p r i n c i p a l l y i n c e r t a i n areas 
of S. i)evon, N, Devon and Dorset . They are usua l ly of smaller p a r t i c l e 
s ize and lower c r y s t a l l i n i t y than the m a j o r i t y of primary k a o i i n i t e s , 
and usua l ly con ta in f a i r l y large concentrat ions of i m p u r i t i e s such as 
mica, quarts and f r e e oxides . They arc found n a t u r a l l y v; i th a wide 
range of compositions'^^. I n a d d i t i o n , b a l l c lays are f r e q u e n t l y found 
t o conta in a s i g n i f i c a n t quan t i t y of organic mat te r , which va r i e s i n 
the Engl ish b a l l c lays from trace q u a n t i t i e s t o as high as 17/-^> though 
( 3?) 
the f i g u r e i s f r e q u e n t l y of the order of 2-3f^ . The c h a r a c t e r i s t i c s 
of b a l l c lays have been described i n some d e t a i l by Holdridge . 
4.3.2. L i / m i t e s 
L i g n i t e s are in termedia te- rank coa ls , f r e q u e n t l y con t a in ing about 
carbon on an ash- f ree bas i s , and up t o about 30?^  mineral mat ter . 
I n the Bovey Basin of S. Devon, T e r t i a r y l i g n i t e deposits occur w i t h ' 
i n t e r s t r a t i f i e d b a l l c l ay ve ins , and not s u r p r i s i n g l y the compositions 
39 
of the organic f r a c t i o n s of the l i g n i t e and c lay are s i m i l a r . 
L i g n i t e may be considered t o be an in termedia te stage i n the 
ca rbon i sa t ion of v/ood, and part of the sequence of transforma-tions : 
Decaying wood • Peat > L i g n i t e — * Coal 
(S: p lan t debr i s 
4.3.3. The E x t r a c t i o n of Bitu/nenc from B a l l Clays and L i ^ i t e 3 _ 
W o r r a l l and ccworkers'^^''^^'^'^ sys t ema t i ca l ly studied the f r a c t i o n a t i o n , 
and p roper t i e s of the organic components of b a l l c lays and l i g n i t e s . 
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Bitumens v;ere ex t rac ted us ing the Soxhlet technique. A f t e r examining 
the e x t r a c t i n g pov;ers of a number of so lvents , i t v;as concluded tha t 
n-propanol was the most e f f i c i e n t solvent f o r the t o t a l bituminous content 
of l i g n i t e and b a l l c l a y , t y p i c a l e x t r a c t i o n y i e l d s beinf: about 10.5/J 
f o r l i g n i t e and \,Jp f o r b a l l c l a y . The ex t rac ted bitumens contained 
•25/^  of the carbon content of the unt rea ted c l a y . Successive treatment 
of the e x t r a c t w i t h benzene and e t h y l acetate could separate f a t s and 
waxes from res ins and t ann ins , 
37 39 
V/orra l l and cov/orkers ' a l so described a method f o r removing 
humic substances and l i g n i n from b a l l c l ay by o x i d a t i o n w i t h hydrogen 
peroxide s o l u t i o n . This provided a means of e s t ima t ing the t o t a l organic 
content of the c l ay as the sum of the t o t r , l bitumens and the ox ida t i on 
l o s s . The r a t i o of t o t a l organic matter t o t o t a l carbon f o r both the 
l i g n i t e and b a l l c lay corresponded t o about 1.5 : 1. The s i m i l a r i t y 
of the r a t i o s i s an i n d i c a t i o n between the organic matter associated 
w i t h the c lay and the l i g n i t e . 
V/agle and Kane^' ex t rac ted waxes from l i g n i t e s , and showed tha t 
i n general b i n a r y solvent mixtures gave greater y i e l d s i n Soxhlet 
e x t r a c t i o n s , p a r t i c u l a r l y benzene-ethanol and benzene-methanol systems, 
Andrzejak and coworkers^^ ex t rac ted bitumens from untrea ted and 
a c i d - t r e a t e d bro.;n coals us ing a 70 ^ 30 v o l . ^ benzene-ethanol system, 
and s tudied the i n f r a r e d absorpt ion spectra of the ex t rac t s obtained, 
l i lg l in ton^^ used a 1 : 1 v o l . % benzene-methanol system f o r the 
e x t r a c t i o n of bitumens from carbonaceous rocks and shales. 
I n the present work, bo th n-propanol and 1 : 1 v o l , benzene-
methanol have been used as ex t rac tan ts f o r the bitmninous f r a c t i o n of 
b a l l c lay and l i g n i t e . 
Several other i n v e s t i g a t i o n s of bitumens ex t rac ted f rom coa l s , 
44-46 
l i g n i t e s and carbonaceous rocks have been repor t ed . Terebina and 
Angelova^^ c a r r i e d out spectroscopic analyses on var ious ex t r ac t s of 
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Bulgar ian coa l s , and detected a large number of m e t a l l i c elements, 
p a r t i c u l a r l y i n the ethanol f r a c t i o n . They concluded that the mineral 
par t of coal contained numerous organometal l ic complexes. 
Otterman and Priese^^ determined the concentrat ions of a number 
of t race elements i n benzene-ethanol ex t rac t s from bituminous rocks 
us ing X-ray spectroraetric methods. 
These i n d i c a t i o n s of the occurrence of organometall ic complexes 
are of i n t e r e s t , since i n the present work, spectrographic ana lys is 
and S3R s tudies of ex t rac t s from l i g n i t e and b a l l c lay have es tab l i shed 
the existence of a number of organic - t r a n s i t i o n metal complexes. 
To summarise, the e x t r a c t i o n of bitumens from b a l l c lays and l i g n i t e s 
has been acheived us ing e i t h e r n-propanol or b ina ry solvent systems 
such as benzene-ethanol or benzene-methanol. Methods f o r the es t imat ion 
of the t o t a l organic content of b a l l c lays have been developed based on 
the e x t r a c t i o n of bitumens follov. 'ed by hydrogen peroxide t rea tment . 
Evidence f o r the presence of a number of organometall ic complexes i n 
ex t rac t s from l i g n i t e s and bituminous rocks has been obtained. 
4.4* li^lectron Spin Resonance Studies of Free Radicals i n Natura l 
Carbonaceous M a t e r i a l s . 
4.4*1. E lec t ron Snin R'esonance StudjLes of Peat^ hir^±te and Coal 
An e l e c t r o n spin resonance s i g n a l i n coals and r e l a t e d carbonaceous 
ma te r i a l s was f i r s t r epor ted i n 1954^^^^. The resonance was a s i ng l e l i n e 
of w id th 8 ± 2 gauss at g = 2.0030 ± 0.0003 whose i n t e n s i t y increased 
w i t h i nc rea s ing age and carbon content of the sample. Ingram and 
coworkers^^ showed t ha t the i n t e n s i t y of the resonance i n carbonised 
coals depended on ca rbon is ing temperature, reaching a maximum at 550*^ C 
and t h e r e a f t e r decreasing t o zero. The absorpt ion s ignals were ascr ibed 
t o e i t h e r broken carbon bonds or f r e e r a d i c a l s . 
Ladner and V/heatley have reviewed i n d e t a i l many of the ESR 
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i n v e s t i g a t i o n s of coals and chars published p r i o r t o 19D5 • 
The concentra t ions of u j ipa i red e lect rons c o n t r i b u t i n g to the E3R 
s i g n a l i n coals are f r e q u e n t l y of the order of 10"^ ^ spins/gram, but are 
dependent on the rank (carbon content) of the coa l s , reaching a raaximiim 
in- tens i ty at about 95/^ ^ carbon and t h e r e a f t e r decreasing r a p i d l y t o zero . 
This dependence i s a t t r i b u t e d t o the f a c t t ha t w i t h increas ing rank the 
concent ra t ion of aromatic r i n g c l u s t e r s increases, enabl ing the f r e e 
r a d i c a l s t o be s t a b i l i s e d by extensive con juga t i on . Above about 95^ 0 
carbon, the e lec t rons are e f f e c t i v e l y completely de loca l i sed and loca ted 
i n the conduction band, render ing them less e a s i l y detectable by 
convent ional SSR methods , 
Hetcofsky and coworkers'^^ and Slofson and Schulz^^ have t abu la ted 
the g-values of the resonances i n a range of samples of v a r y i n g ranlc , 
r ang ing from peat and l i g n i t e t o bi tuminous coal and a n t h r a c i t e . The 
g-values show a gradual decrease w i t h inc reas ing rank. At h igh carbon 
contents , resonances occ\ir near g = 2.0027, s l i g h t l y higher than the 
f r e e - s p i n va lue , and c h a r a c t e r i s t i c o f condensed aromatic systems 
con ta in ing carbon and hydrogen on ly . The higher g-values measured f o r 
peats and l i g n i t e s (2.003i>-2.0040) are more c h a r a c t e r i s t i c of f r e e 
r a d i c a l s i n which the unpaired e l ec t ron has s p i n - o r b i t coup l ing t o 
n i t r o g e n , oxygen or su lphur . The g-value v a r i a t i o n s co r r e l a t ed best w i t h 
the presence o f oxygen^^'^^, and the g-values were close t o those found 
f o r a nujnber of semiquinone r a d i c a l s ^ ^ . 
Duchesne and coworkers"^ obtained S3R spectra of f r e e r a d i c a l s i n 
coa l s , l i g n i t e s , peats and f o s s i l s , and found an increase i n r a d i c a l 
concent ra t ion w i t h inc reas ing age and degree of ca rbon i sa t ion . Their 
work i s of s i g n i f i c a n c e because they were the f i r s t workers t o consider 
the p o s s i b i l i t y tha t some other species than f r e e r ad ica l s might 
c o n t r i b u t e t o the i n t e n s i t y of the S3R spectra of carbonaceous mate r ia l s 
Prom spectrographic analyses, they concluded tha t only i r o n was present 
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i n s u f f i c i e n t q u a n t i t i e s t o c o n t r i b u t e s i g n i f i c a n t l y to the i n t e n s i t y of 
the g = 2.0 s i g n a l s . No c o r r e l a t i o n between the content of i r o n (Pe^^) 
and the i n t e n s i t y of the resonances cou ld be es tab l i shed , however, and 
i t v/as t h e r e f o r e concluded tha t organic f r e e r a d i c a l s v;ere at leas t the 
major source of the ESR spectra of carbonaceous ma te r i a l s , . 
4.4.2. E lec t ron Spin Resonance Studies of Petroleum Frac t ions 
I n I95S Gutowsky and coworkers repor ted an ESR s ignal i n 
asphaltene p a r t i c l e s from crude o i l s v;hich had a g-value of 2,0030 
i 0.0005 and l inev / id th 4-5 gauss. Yen and coworkers'^ extended the 
study of f r e e r a d i c a l s i n o i l s and asphaltenes and showed t h a t the 
g-values associated w i t h the resonances were s l i g h t l y lower than those 
of semiquinone r a d i c a l s , and c loser t o those measured f o r c e r t a i n 
n e u t r a l carbon and n i t rogen con ta in ing r a d i c a l s . 
I n a d d i t i o n t o f r e e r a d i c a l s , ESR signals a r i s i n g from vanadyl 
complexes have been detected i n crude o i l s and asphaltenes and have 
been ex tens ive ly i n v e s t i g a t e d ^ ^ ~ ^ ° . The most important class of vanadyl 
complexes occu r r ing i n these mater ia l s are the porphyr ins , f i r s t discovered 
i n a number of carbonaceous mate r ia l s by Treibs^*^. 
Ho previous repor ts of ESR spectra associated w i t h vanadyl complexes 
p resen t -e i the r i n l i , ^ i t e or i n the organic matter associated w i t h 
c lays have been made. JiVidence f o r the existence of such complexes has 
been obtained i n the present work, 
4.4.3. E l ec t ron Snin Resonance Studies of Bitumens and Humic Substances 
Ext rac ted from Coals and L i P T i i t e s 
A few previous s tudies of the ESR spectra of substances ex t rac ted 
from coals and l i g n i t e s have eeen undertaken^^*^^*^^ the r e s u l t s of which 
are b r i e f l y summarised i n t h i s s e c t i o n , 
Kucsynski and coworkers'^'^ found f r e e r a d i c a l s t o be present i n both 
- 74 -
l i g n i t e and bitumens extracted from i t us ing 70 : 30 v o l , benzene-
met hanol , 
Fischer, and coworkers^^ ext rac ted f a t s and v;axes, bitumens a.nd 
humic acids f rom an iCast German l i g n i t e , and found f r e e r a d i c a l s ignals 
l 8 
i n a l l ex t r ac t s and res idues , v; i th concentrat ions ranging from 2,0 x 10 
spins/gram f o r humic acids dov;n t o 1,3 x lO"*"^  r.nins/gram f o r f a t s and 
waxes (benzene e x t r a c t ) . I t was shovm tha t e s s e n t i a l l y only one. r a d i c a l 
species was preGent, and tha t no s i g n i f i c a n t c r ea t i on or d e s t r u c t i o n of 
r a d i c a l s occurred du r ing the e x t r a c t i o n orocess. 
More r e c e n t l y , Chu tke rashv i t i ^^ inves t iga t ed the concent ra t ion of 
f r e e r a d i c a l s i n organic substances ex t rac ted f rom sedimentary rocks , 
and obtained r e s u l t s i n general agreement w i t h previous f i n d i n g s . 
I n summary, ESR s igna ls near g = 2 have been observed i n a wide 
range of n a t u r a l carbonaceous m a t e r i a l s . These s ignals are a t t r i b u t e d t o 
the presence of s table organic f r e e r a d i c a l s associated w i t h condensed 
aromatic r i n g systems. Radicals of seniquinone type probably c o n t r i b u t e 
t o the S3R spectra of peats and l i g n i t e s . 
The concent ra t ion of f r e e r a d i c a l s increases .wi th^ increas ing carbon 
content and inc reas ing a r o m a t i c i t y . 
I n the next s e c t i o n , previous s tud ies -o f the E3R spectra of.humic 
ac ids are reviewed, 
4•5• E lec t ron Spin Resonance Studios of Humic Substances 
2 
Rex s tud ied the ESR spectra of l i g n i n and humic acids f rom var ious 
sources a.nd obtained resonances at g = 2.003 of l i n e w i d t h 6 ^ 2 gauss 
s i m i l a r to those occur r ing i n coals and l i g n i t e s and t h e i r e x t r a c t s . 
He concluded t ha t the resonances were due t o f r e e r ad ica l s formed on 
the conversion of p lant matter t o l i g n i n and humic acids and s t a b i l i s e d 
by being t rapped i n the polymer, 
Fr ied lander and coworkers^ repor ted the existence of ESR s ignals 
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near g = 2 i n m o n t m o r i l l o n i t e , i l l i t e and k a o l i n i t e which were t e n t a t i v e l y 
a t t r i b u t e d t o f r e e r a d i c a l s of the type occur r ing i n humic acids present 
i n organic res idues . The resonance observed f o r kao l in i tc ,ho i ' / ever , was 
broader and d i f f e r e n t i n form from the f r e e r a d i c a l s ignals p rev ious ly 
descr ibed . 
The E5R spectra of humic substances extracted from s o i l s and l i g n i t e 
18 
have been s tud ied i n d e t a i l by S t e e l i n k and coworkers^^^^ , who observed 
f r e e r a d i c a l s ignals near g = 2 having concentrat ions of the order o f 10 
spins/gram which were s tab le w i t h respect t o t i m e . The s ignals pers i s ted 
i n s o l u t i o n and a f t e r v igorous ac id h y d r o l y s i s , i n d i c a t i n g t ha t the 
r a d i c a l s formed an i n t e g r a l f ea tu re of humic substances and were not 
merely species trapped i n the macromolecule. 
Conversion of humic ac id t o i t s sodium s a l t e i the r by sodium/ 
ethanol r educ t ion or by p r e c i p i t a t i o n of humic acids from a l k a l i n e 
s o l u t i o n us ing excess ethanol r e su l t ed i n a ma,rked increase i n 
r a d i c a l concent ra t ion which was r e v e r s i b l e on r e a c i d i f i c a t i o n . These 
r e s u l t s may be i n t e r p r e t e d i n terms of the proper t ies of semiquinone 
r a d i c a l s ^ ^ . 
No repor t of any SSR s igna l i n humic substances other than those 
a t t r i b u t a b l e t o f r e e r a d i c a l s has been made, apart from a mention by 
Steelink^*^ of a small s igna l i n the g = 4 r eg ion , ( i n the present 
work, resonances having s i m i l a r g-values have been observed i n v i r t u a l l y 
a l l samples i n v e s t i g a t e d , i n c l u d i n g humic acids ext rac ted f rom b a l l 
c l ay and l i g n i t e , and have been shown t o be due t o h igh-sp in Fe^ "*" 
complexes.) 
The ESR spectra of humic substances obtained from s o i l s and peats 
have a lso been i n v e s t i g a t e d by a number of other workers^^ '^^ ' 
K l e i s t and MUcke"^^ found a c o r r e l a t i o n between the i n t e n s i t y of the 
f r e e r a d i c a l s igna l and the i n t e n s i t y of absorpt ion i n the UV f o r humic 
acids obtained from a v a r i e t y of sources, and concluded tha t the intense 
co lour of hujnic acids was a t t r i b u t a b l e t o extensive con juga t ion of 
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e lec t rons over the aromatic r i n g system i n v;hich the r a d i c a l s are 
s t a b i l i s e d . 
I n s\immary, la rge concentrat ions of s tab le f r e e r a d i c a l s have been 
found t o occur i n l i g n i n and humic substances.' These r a d i c a l s are an 
i n t e g r a l par t of tho s t r u c t u r e of humic substances, being thought t o be 
s t a b i l i s e d i n the aromatic network by extensive c o n j u g a t i o n . Some 
evidence thcvt the r a d i c a l s i n humic acids may be of semiquinone type 
has been obta ined . I t i s possible t ha t these r a d i c a l s may be the cause 
of ESR absorp t ion near g => 2 i n c lays con t a in ing organic res idues . 
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5. ELJXTi^Oir SPIN R\C::OI]AIJCE AI;D Rl^ L^ATED STUDICS 0? LIG:II?i!; A'.TD 
BALL CLAY FROy. SOUTH D3^0N. 
5 « 1 . Introduction* 
The experimental re su l t s obtained in the oresent v;or>: are subdivided 
into tv;o sect ions, of which the f i r s t i s presented in this chapter : 
( i ) Results obtained by solvent fract ionation studies of b a l l clay and 
l i ^ i t e , in conjunction with E3R and other spectroscopic techniques, 
Or^janic free radica l s and trans i t ion metal complexes are ident i f i ed in 
the l i gn i t e and clay and the i r extracts . I t i s shov/n that organic free 
rad ica l s and organometallic complexes do not appreciably contribute 
to the ESR spectra of kaolinite-group minerals, 
( i i ) Results concerned primarily with the nature and interpretation of 
the ESR spectra of kao l in i te and re lated aluminosil icate minerals . I t 
i s shown that the principal features of the spectra of kao l in i tes can 
be attributed to Pe^^ ions and defect centres. These resu l t s are 
presented in Chapter 6, 
5 .2 . Descrintion of Samples and Experimental Technirrues. 
5 .2 .1 . Samples 
Freshly cut samples of l i / ^ i t e from the Bovey Basin, South Devon, 
were crushed to a part ic le s ize of l e s s than 0.42 mm e . s .d . Ignit ion 
showed the ash content to be approximately 14^. 
A sample of b a l l c lay from the Bovey Basin, known as E .V/ .V .A. , 
v;hich i s a blended clay typ ica l of the South Devon b a l l c lays , was 
received as a f ine powder stated to be of part ic le s ize d is tr ibut ion 
95f^  < IM e.s.d,^^^ I t s principal mineralogica.1 constituents are 
approximately : kao l in i te 67.5^, mica 19-0^;, quartz 7-5/J» together 
with about 6/b carbonaceous material . 
Chemical analyses of the E.W.V.A. b a l l c lay and Bovey l i gn i t e ash 
were carr ied out by Mr. M. Stentiford of V/atts, Blake, Bearne Co. L t d . 
using a Phi l ips F''' 1220 semi-automatic X-ray spectrometer, and are 
given in Table 5 » 1 . 
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Table 5 .1 . Chomical analyser, of ( A ) E . V J . V . A . b a l l c lay , .ind ( B ) 
3ovey li-Tnite ash. 
A B . ' 
Si02 48.5 31.1 
AI2O3 31.9 39.8 
1.08 2.19 
TiOg 0.90 0.6Q 
CaO 0.15 o;87 
HgO 0.28 0.49 
K^O 1.68 1.72 
0.20 0.20 
I ^ i t i o n • 15.61 2.7^ 
Total 100.30 99.78 
5 .2 .2 . ExT^erimental Apnara-tus and Technicrues 
The electron spin resonance spectra were recorded on a Decca XI 
spectrometer incorporating a Newport 7" magnet giving- continuous magnetic 
f i e l d var iat ion between 0 and 6 ki lofjauss . The klystron operates at 
9270.4 MHz with lOOKlIz magnetic f i e l d modulation. The microwave cavity 
i s rectangular and operates in the TS^^^ "^ o^ e^. Under optimum operating 
conditions, v/ith 1 m'-i microv;ave pov/er at the cavi ty , the s e n s i t i v i t y of 
12 
the spectrometer i s about 10 spins per gauss l inewidth. 
The sample temperature could be varied continuously between ambient 
temperature and 77°K, 
For the measurement of g-values near the free-spin value, direct 
comparison with a metal l ic L i standard was employed, in i-/hich the conduction 
-5 (2) 
electron spin resonance gives a sharp l ine with a g-shif t of - o . l x 10 
Using th i s technique, an accuracy of at least i 0.0002 was obtainable under 
idea l conditions. 
Spin conceiitrations v;ere measured vjith reference to a standard coal 
sample obtained from Becca Radar Ltd . The areas under the absorotion curves 
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of Gamnle and standard were calculated usin^^ a numerical double integration 
techniaue described elsewhere by the author^. 
Infrared absorption spectra were recorded on a Unicam SP 200 
spectrophotometer. Wavelengiih ca l ibrat ion v;as carr ied out usin{; a 
polystyrene standard. Samples were prepared either by the K3r disc 
technique (using 1-2 mg, of sample to 200 nr. O r ) or, for bitumens, by 
reneatedly pipetting a few drops of a solution of the sample in a v o l a t i l e 
solvent onto a pure KBr d i s c , and allov/ing the solvent to evaporate u n t i l 
a s u f f i c i e n t l y thick f i lm v;as obtained to produce a soectrum. 
Ul trav io le t emission spectra in the wavelength ran;':© 27^-480 nm 
were obtained using the arc technique on a Hilger Large Quartz* Spectrograph 
wi.th Cu electrodes, 
5•3. Solvent Fractionation of Lignite and B a l l Clay 
Bitumens were extracted from l i g n i t e and b a l l clay using the 
Soxhlet technique with n-propanol or 1 : 1 v o l , benzene-methanol 
as extractants . Aqueous extractions using deionized water were carr ied 
out on separate samples. 
The clay and l i gn i t e were not ore-dried, in order to avoid loss 
of v o l a t i l e materia l , but the extraction yie lds were corrected for 
moisture content which was determined separately. For the majority .of 
extract ions, complete removal of bitumens was assumed to have taken place 
a f t e r 20-30 hours when the l iquor being carr ied over was colourless . 
Contamination of the extracts by small part ic les of insoluble 
material possibly carr ied over during the extraction was avoided by 
h o t - f i l t r a t i o n of the l iquor at the bo i l ing point of the solvent, followed 
by recovery of the extract by rotary evaporation, A check of the e f f i c i ency 
of th i s procedure was carr ied out by subjecting some of the f i l t r a t e s 
to prolonged centrifugation at speeds of 4000 and 20,000 r ,p.m. In no 
case did any further sedimentation occur. 
After removal of bitumens, the l i g n i t e and clay residues were a i r - d r i e d 
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and then extracted with 0.1 M *Analar' sodiufn hydroxide solution to 
oMain the huinic substances. The s l u r r i e s were s t i r r e d continuously for 
48 hours at room temperature, and then centrifu,<^ed at 4^00 r .p .m. The 
supernatant l iquors were decanted and ac id i f i ed to pH 1.8 to precipitate 
humic acids , which were collected "by centrifugation and p\ ir i f icd by 
twice reprec ini tat ing from alkal ine solution and then washed v;ith d i s t i l l e d 
v;ater. I^ulvic acids were obtained by neutralising^ the supernatant l iquors 
to pin 7.0 and evaporating to dryness. The residues were repeatedly 
extracted v/ith fresh a l k a l i u n t i l almost colourless extracts were obtained. 
A l l extracts v/ere vacuum-dried and stored in a desiccator over KOH pel lets 
prior to further examination. 
Since complete removal of the orgc.nic matter from b a l l c lay was 
not possible by successive removal of bitumens and humic substances as 
described above, a considerable quantity of insoluble organic matter 
remaining in the c lay , the exhaustive removal of organic matter was 
carr ied out using successive debitiiminisation and hydrogen peroxide 
oxid^.tion. 
The oxidation was carr ied out by treatin'-; 4 gra^.s of bitumen-free 
clay with 50 mis of G'p H^O^ solution in a round bottomed f l a s k . The 
reaction v;as speeded by warming gently on a heating mantle. After the 
r c a c t i n ceased, the mixture was evaporated to dryness and revjoighed. 
the procedure was repeated to constant weight, when i t v;as assumed that 
the removal of organic matter was as complete as possible. The colour 
of the treated clay was white, as opposed to the l ight brown colour of 
the untreated c lay . The weight loss on oxidation v/as 3»4/^ » 
The fract ionat ion schemes applied to the clay and l i gn i t e are 
i l l u s t r a t e d schematically in F i g . 5 . 1 . The yie lds of each extract , 
calculated on a moisture-free bas i s , are given in Table 5*2. Prom these 
f igures , i t can be seen that the successive debituminisation and 
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F i g . 5 . 1 . P r a c t i o n a t i o n scheme f o r e x t r a c t i o n of o r g a n i c 
matter from l i g n i t e and b a l l c l a y . 
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successive debituminisation and a lka l ine extraction (4.5/J and 2.6^i 
re spec t ive ly ) . 
Table 5 . 2 . ii^xtraotion Yie lds for L i . ^ i t e and B a l l Clay 
Fractionation 
Sample Yie ld (:^ ) 
(a) L i ^ . i t e Sxtracts 
1:1 benzene-methanol bitumen 
Hiimic Acid 
. Fu lv ic Acid 
N-propanol bitumen 
Humic Acid 







Aaueous extract 1.4 
(b) B a l l Clav lilxtracts 
n-pronanol bitumen 
Humic Acid 








Arruoous extract 0.6 
Figure represents weight loss 
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5.4- i^lectron Snin Rcsonancf? Study of Lignite and i t s Ib:tract5 
5 .4-1- Electron Spin Resonance Study of L i m i t o at Various Tomnoratures 
A typicr. l ISR spectrum of Bovey l i g n i t e i s i l l u s t r a t e d in F i g , 5«2 . 
The two main features, which v/ere foiind to be common to a l l l i gn i t e 
samples examined, are : 
( i ) A resonance ( B ) near the free-spin g-value identicc-.l to the free -
r a d i c a l s ignals discussed in Chanter 4; "the g-value was found to be 
2.0037 - 0.0002, In a range of Bovey li^^iite samples the linewidths 
of the resonance v;as found to vary betvjecn 5-5 and 7 gauss. The lineshapes 
V7ere symmetrical and intermediate between pure Lorontzian and Gaussian 
form. A t yp ica l value of the unpaired spin concentration was found to 
be 2.3 X 10 spins/gram. This resonance i s i l l u s t r a t e d on an expanded 
scale in F i g . 5 , 3 , 
( i i ) A resonance (A ) at a lower f i e l d value, corresponding to aporoximatoly 
g = 4*2, having linev/idth about 100 gauss. The resonance i s asymmetrical 
and possesses a long t a i l on the low f i e l d side down to g 9* The 
unpaired spin concentration was found to be approximately 4^3 x 10^^ 
spins/gram. 
In addition, most l i gn i t e s examined exhibit two other charac ter i s t i c 
ESR featxires, namely a f a i r l y weak, broad resonance of width approximately 
1000 gauss centred at g = 2,0, and a l so a number of i^ eak l ines on e i ther 
side of the f r e e - r a d i c a l s ignal ( ' C in Pig . 5 . 2 . ) , 
Crushing bulk samples dovm to a part ic le s i se of l e ss than 0.25 
e . s . d . was fo\ind to have no effect on the position or intensity of any 
of the ESR s igna l s . 
Invest igation of the l ign i te spectrum over the temperature range 
77°K- 300^K f a i l e d to reveal any additional resonanoes at temperattires 
belov? room temperature. Over th is region, the g = 4-2 resonance var ies 
in intensity with temperature in a manner approximately in agreement 





. . : I . 
......As. 
B - V 
g = 2 - o 9 = 4 - 2 
H(kG) 
F i g . 5 . 2 , E l e c t r o n s p i n resonance spectrum of Bovey 
l i g n i t e r e corded a t room temperature. 
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g = 2 .0037 
3270 3 3 0 0 
I H ( G ) — > 
3330 
P i g . 5 . 3 . ESR spectrum of Bovey l i g n i t e a t room temperature 
(g = 2 . 0 r e g i o n ) . 
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at 7 7 ^ (•i>60 gauss). 
The intensi ty of the (; = 2.0 resonance was not found to obey the 
simple Curie Lav; temperature deoendence. Uo a l terat ion in the g-vzlue 
with temperature occurred. 
As the changes in the 3SH soectra over the range 77*^-300'^ yielded 
l i t t l e d e f in i t i ve information, the e f fect of preheating l i gn i t e samples 
in a i r at various temperatures on the 3SR spectra was. investigated. 
Samples were heated for 2 hours in a muffle furnace at various 
temperatures up to 800*^C. The resu l t s obtained are summarised in Table 
5 .3 . ?-nd F i g . 5.4-f spin concentrations being normalised to the mass of 
the or ig inal sample ( i . e . corrected for the thermal v:eiglit l o s s ) . 
I t was observed that the intens i ty of both features * A ' and 'B* 
increased with increasing heating temperature up to 400*^0, (P ig . 5-4-) 
For heating temperatures of ^OO^C and above, the intensity of the g = 2.0 
resonance dropped by a factor of about twenty from i t s value in the 
sample heated to 400*^C, and the linev;idth increase:] from 5 o "to 8 gauss. 
I t appeared, therefore, that the centre resnonsible for the resonance at 
g a 2.0037 (S) v/as eliminated by heating at or above 500°^ . -
Also, at pre-heating temperatures of 500°C and above a broad, 
asymmetrical resonance appears, whose g-value and lineshapo change v;ith 
increasing heating temperature. These l ines resemble the weak, broad 
resona.nce in the unheated l i g i i i t e , though they are of much higher 
intens i ty , reaching a maximum estimated value of 10^^ spins/gram. In the 
samples heated at these temperatures, the g = 4-2 l ine pers is ts as a 
shoulder on the side of the broad resonance (P ig . 5.5-)* 
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Table 5 .3 . g-values, Linov/idths and Intens i t i e s of Resonances 
Temp. Co) g H(gauss).- Intensi ty 
(spins/g) 
20 2.0037 5.5 2.3 X 10^^ 
4.2 100 4.3 X 10^^ 
100 2.0037 5.5 2.7 X 10^^ 
4-2 100 5.2 x^lO^® 
200 2.0037 5.5 3.6 x 10^^ 
4.2 • 100 5.4 X 10^^ 
300 2.0037 5*5 5.0 X 10^^ 
4.2 100 7.4 X 10^^ 
400 2.0037 5.5 9-9 x 10^^ 
4.2 100 ' 1.2 X 10^9 
500 2.0 8 5.8 X lO^'' 
^ 3.4 ^ 800 ^ 10^^ 
600 2.0 8 -
2,0 1000 ^ 10^^ 
4.2 
700 • 2.0 ^ 500 ^ 10^^ 
4.2 - . -
800 2.0 ^ 550 -^10^^ 
5 . 4 . 2 . Discussion 
The two principal features of the Soil spectrum of l i gn i t e occiir at. 
g-values of 2.0 and 4 .2 . The former i s almost complctoly eliminated by 
heating for 2 hours at 500°C. The ^npearance and lincviidth of the s ignal 







I r - | - 1 - I • J 
lOO 200 300 400 y o o 600 7 0 0 
Temperafure ( ) * > 
F i g . 5.4. I n t e n s i t i e s of g = 4.2 and g = 2.0 resonances 
i n Bovey l i g n i t e samples heated f o r 2 hours i n 





F i g . 5 . 5 . ESR spectrum of Bovey l i g n i t e heated i n a i r 
f o r 2 hours a t 800°C. 
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observed in a v;ide range of carbonaceous materials . The (;-value, 2.0037 ^ 
0.0002, i s close to vr.lues reported for certain lart^^e, condensed semiquinone 
radica l s^ , in accordance with previous f i n d i n g . 
In contrast , resonances at g = 4.2 have not been reported previously 
for natural carbonaceous materials , but have been observed in a wide 
range of organic and inorganic materials , as discussed in Chapter 3, and 
are charac ter i s t i c of high-spin Fe"^ ^ ions in an environment of approximately 
orthorhombic symmetry^ ^, where large zero- f i e ld sp l i t t ings are present. 
Environments of th i s type can be produced from d i s t o r t e d tetrahedral or 
octahedral configurations"^^''*''^. 
In th i s v/ork, resonances at or near g = 4-2 were observed in a number 
of aluminosi l icate minerals as v;cll as in the natural carbonaccouJ^ matter, 
and are conr^idered in d e t a i l in the next chapter, while the theory describing 
resonances of t h i s type i s to be found in Cha.pter 3 and in the Appendices. 
The increase in intensi ty of the broad resonance in l i ^ . i t e on 
heat in- to 500*^ C and above may be attributed to the creation of c lusters 
of FG^"^ ions in the ?.shed or p a r t i a l l y ashed l i gn i t e bctv^een v;hich 
strong superparamagnetic exchange interactions occ\ir. 
5 , 4 . 3 . li^lectron Snin Resonance Study of Lifniite Extracts 
ESR. spectra of the l i g n i t e extracts ajid residues were recorded at 
room temperature. Although i t was found that the precise natxire of the 
spectra of extraction products obtained at di f ferent timed VIOVQ not always 
exactly reproducible, in general a l l extracts and residues exhibited 
predominant resonances at g = 4.2 and g = 2.0 s imi lar to those observed 
in the untreated l i g n i t e , though varying in intensity in d i f ferent f rac t ions , 
and to some extent in l inewidth. The linev/idths and spin concentrations 
of the g = 4.2 and g = 2.0 resonances in each frac t ion are l i s t e d in 
Table 5*4. 
The linewidths of the g = 2.0 resonance varied between 5 and 7 gauss. 
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The g-values showed no detectable var ia t ion , however, corresponding in a l l 
cases to a value of 2.0037 i 0.0002. 
The intens i ty of the f ree -rad ica l signals increased in the order 
aqueous extract ^ bitumens < l i gn i t e to residues < humic acids 
The linevjidths of the g = 4-2 resonances exhibited considerable 
variat ion (65 - I80 gauss), being somewhat smaller for the bitumens and 
the aqueous extract than for the l i g n i t e or the humic substances. The 
spin concentrations were an order of magnitude lower in the bitumens than 
in the remaining f rac t ions . 
In addition to the resonances at g = 2.0 and g e 4.2^ two additional 
features v/ere readi ly observable in some extracts . These ivere : 
( i ) A f a i r l y isotropic 6 - l ine spectrum centred at g = 2.003 0.001 , 
2+ 
charac ter i s t i c of Mn ions. 
( i i ) A complex spectrum centred at about g = 2 character i s t i c of 
vanadyl ( (VO)'"'" ) ions in an environment of approximately a x i a l symcietry. 
The vanadyl spectrum was barely detectable in the original l i g n i t e 
(the l ines 'C* in F i g . 5.2) but eas i ly detected in some of the humic acids 
and bitumens (n-propanol e x t r a c t s ) . 
No s ign i f i cant dif ferences between the SSR spectra of the l ign i te 
extraction residues and that of the untreated l i g n i t e v;ore observed. 
Typical ESR spectra of bitumens and h U i T i i c acids from l i g n i t e are 
i l l u s t r a t e d i n F i g s . 5-6 and 5-7» respect ive ly . 
A number of close s i m i l a r i t i e s were observed between the ESR spectra 
of the aqueous extract and the f u l v i c acids : 
( i ) Both exhibit strong g = 4.2 s ignals but r e l a t i v e l y weak g = 2.0 
s ignals ; 
( i i ) Both exhibit f a i r l y intense 6 - l ine manganese spectra ; 
( i i i ) Both exhibit broad resonances centred at g = 2.0. 
The manganese spectrum i s undetectable in the original l i gn i t e but 
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f a i r l y strong in the f u l v i c acids and the aqueous extract, and in some 
humic ac ids , reaching an intensity of ^10"^^ apins/gram. I t may be 
approximately f i t t e d to a spin Hamiltonian of the form 
5 / 2 / / - i ( 5 . 1 ) 
where I (^^Mn) = 5 /2 , giving r i s e to the observed 6- l ine hyperfine 
pattern. From the spectra one may obtain the values 
g = 2.003 f 0.001 ; A = 83 - 89 gauss. 
The magnitude of the hyperfine s p l i t t i n g parameters are in the rang© 
2+ 
which i s c h a r a c t e r i s t i c of complexes of the Mn ion with oxygen ligands 
12 
Table 5 .4 , Linewidths and Snin Concentrations of the r. = 2*0 
and r = A.2 Resonances in Li--mite and i t s ICxtracts 
Sample 
g =. 2.0 g = 4 .2 
S(spins /g) H(gauss) S(spins/g) H(gauss) 
Li{:.:nite 2.3 X 10 1 8 
Bz/lleOH bitumen 1.2 x 10^ "^  
18' 
livunic acid 3-7 x 10 
F u l v i c acid 
n-propanol bitumen 1.1 x 10 
Uumic acid 
Aaueous extr . 
4,0 X 10 
17 
18 
3.7 X 10 
16 






4 .3 X 10" 
18 
5.6 X 10 
4 .3 X 10 
17 
18 
3-5 X 10 
3.2 X 10 
17 
18 









In summary, f i ve main types of paramagnetic centre were found in l i g n i t e 
and i t s ex trac t s , exhibit ing the following E3R features ; 
( i ) An i sotropic single l ine resonance near the free-spin g-value attributed 
to stable organic free r a d i c a l s ; 
( i i ) An asymmetric signal at g = 4-2 attributed to Fe"^^ ions occuir/ing 
orthorhombic s i t e s ; 
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H ( G ) 
19CO 
3ioo 30&0 
F i g . 5.6, E.S.R. s p e c t r u m o f "bitumen ( n - p r o p a n o l e x t r a c t ) 
o b t a i n e d from Bovey l i g n i t e , shov/ing v a n a d y l i o n 
s p e c t r u m and f r e e r a d i c a l s i g n a l . 
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Free radical 
(+ o and x) 
260O H(G) 30OO 340O 3800 
F i g . 5.7. ESR s p e c t r u m o f humic a c i d e x t r a c t e d from Bovey 
l i g n i t e , s h o w i n g f r e e r a d i c a l s i g n a l and s p e c t r a 
due t o (VO)^"^ i o n s ( o ) and Tv^ n^ "" i o n s ( x ) . 
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( i i i ) A 6 - l i n e spectrum at = 2,003 c h a r a c t e r i s t i c of Mn^^- oxyf:en 
complexes ; 
( i v ) A m u l t i - l i n e spectrum c h a r a c t e r i s t i c of vanadyl complexes ? 
( v ) A broad resonance at c ^ 2 . 0 c h a r a c t e r i s t i c of strong exchange 
i n t e r a c t i o n s "betv/een c l u s t e r s of neighbouring^ Pe^^ ions. 
Some of these c e n t r e s are di s c u s s e d i n more d e t a i l in § 5 » 6 , 55-7 
and ^ 5 .9 . 
5•5• E l e c t r o n Snin Resonance Study of B a l l Clay and i t s E x t r a c t s 
E l e c t r o n Spin Resona.nce Study of B a l l Clay 
The SSR spectrum of E.V/.V.A. b a l l c l a y , recorded at room temnerature, 
i s , i l l u s t r a t e d i n P i g . 5 .8 . The p r i n c i p a l features of the spectrum 
are t 
( a ) An asymmetrical 2 - l i n e resonance near g = 2 ; 
(b) A resonance i n the region of g = 4 c o n s i s t i n g of apparently three 
l i n e s , v/ith a long shoulder on the l o w - f i e l d side and a small peak at 
about g = 8 ,8 . These f e a t u r e s resemble those reported by Boesman and 
Schoemaker^^. 
In P i g . 5 .9^ the g = 2 region of the spectrum i s i l l u s t r a t e d on 
an expanded s c a l e . The lineshape i s c l o s e l y s i m i l a r to that v;hich would 
be expected i n a p o l y c r y s t a l l i n e sample for a paramagnetic centre i n 
environment possessing a s l i g h t a x i a l d i s t o r t i o : ' from cubic symmetry^^. 
The b a l l c l a y spectrum i s extremely s i m i l a r to that of a S t . A u s t e l l 
k a o l i n i t e ( P i g . 6 .1 . of Chapter 6 ) , the l a t t e r being a c l a y of f a i r l y 
high c r y s t a l l i n i t y c o n t a i n i n g l i t t l e or no orr^nic matter. The only 
d i f f e r e n c e s between the s p e c t r a are ( a ) the r e l a t i v e i n t e n s i t i e s of the 
l i n e s at g = 2.0 and g « 4, and (b) the lineshapes of the g-A- f e a t u r e s , 
the c e n t r a l l i n e being more pronounced i n the b a l l c l a y , 
P r i e d l a n d e r and coworkers^^ t e n t a t i v e l y assigned the g = 2.0 
resonance i n a sample of k a o l i n i t e to f r e e r a d i c a l s possibly r e l a t e d to 
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9 = 4-2 9 = 2.0 
O HCkG) 
F i g . 5.8. ESR s p e c t r u m o f Bovey b a l l c l a y (EV/VA) r e c o r d e d 
a t room t e m p e r a t u r e . 
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humic a c i d s • Objections to t h i s assignment may be made on tv;o (^rounds ! 
( i ) The lineshape of the g = 2 resonance i n k a o l i n i t e i s brop.der 
(-•^80 gauss) and a n i s o t r o p i c , not resembling the i s o t r o p i c f r e e r a d i c a l 
s i g n a l s of 5-7 gauss linev/idth observed i n l i g i i i t e and i t s e x t r a c t i o n 
products. 
( i i ) The s i m i l a r i t y betv/een the spe c t r a of the b a l l c l a y and the S t . A u s t e l l 
k a o l i n i t e , and the observation of s i m i l a r a.nisotropic g = 2 resonances i n 
a largo number of k a o l i n i t e s , many of v/hich were p r a c t i c a l l y f r e e of 
organic matter, suggests that the s i g n a l bea.rs no r e l a t i o n to the presence 
of organic matter i n c l a y s . I t i s more l i k e l y t o be due to e i t h e r a 
t r a n s i t i o n metal impurity or defect c e n t r e . Further studies of t h i s 
resonance are described i n Chapter 6, 
Despite the lack of c o r r e l a t i o n between the ani s o t r o p i c g = 2 s i g n a l 
i n b a l l c l a y and the presence of organic matter, the position of the 
resonance i s such that any contributions from f r e e r a d i c a l - s i g n a l s would 
overlap with the resonance between the regions of the spectrum l a b e l l e d 
'Y' and 'Z' i n F i g . 5.9l>- Any superimposition of fr e e r a d i c a l sif,-nals would 
po s s i b l y cause a d i s t o r t i o n of the lineshape of the resonance, or an 
enhancement of the i n t e n s i t y i n t h i s region. The i d e n t i f i c a t i o n of f a i r l y 
i ntense g = 2»0 resonances i n l i g n i t e and i t s e x t r a c t s i n d i c a t e s that such 
c o n t r i b u t i o n s might e x i s t . For t h i s reason, the removal of organic matter 
from b a l l c l a y by s u c c e s s i v e solvent e x t r a c t i o n and hydrogen peroxide 
oxidation could provide a means of a s s e s s i n g the contributions made by 
fr e e r ^ l d i c a l s to the o v e r a l l i n t e n s i t y of the resonance. 
F i g . 5»93- i l l u s t r a t e s the g = 2.0 region of tlie spectrum of a mixture 
of b a l l c l a y with jfo of i t s ovm weight of l i g n i t e , which exhibited a 
l 8 
resonance at g = 2.0037 of i n t e n s i t y approximately 2.3 i 10 spins/grara 
(Table 5-4) and tlie p o s s i b l e d i s t o r t i o n previously mentioned i s c l e a r l y 
v i s i b l e . 
I n the next s e c t i o n , the r e s u l t s of the i n v e s t i g a t i o n of the E3R 
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F i g . 5.9. ESR s p e c t r a ( g = 2.0 r e g i o n ) o f ( a ) Bovey b a l l c l a y 
+ 5fo l i g n i t e ; ( b ) Bovey b a l l c l a y . 
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s p e c t r a of solvent e x t r a c t s from Bovey b a l l c l a y are ^resented, i n c l u d i n g 
a d e s c r i p t i o n of the e f f e c t of removing the or^^anic matter on the iCSH 
spectrum of the c l a y . 
5- 5•2• E l e c t r o n Spin Resonance Study of B a l l Clay a t t r a c t s 
The ESR s p e c t r a of the "ball c l a y e x t r a c t s and residues v/ere; recorded 
at room temperature. The general f e a t u r e s of the snectra of tlio solvent 
e x t r a c t s resemble those of the l i g n i t e e x t r a c t s . A l l e x t r a c t s e x h i b i t e d 
s i n g l e - l i n e resonances at g = 2.0037 i t 0.0002 having linewidths between 
5 and 7 gauss and i n t e n s i t i e s i n c r e a s i n g i n the order 
aqueous e x t r a c t ^ bitumens < humic acid s 
The spin concentrations and g-values of the g = 2.0 and g =» 4*2 resonances 
i n the b a l l c l a y e x t r a c t s are given i n Table 5-5» 
The aqueous e x t r a c t gives a l i n e at g = 2.0 of width 7 gauss and with 
an i n t e n s i t y comparable to that found i n the bitumens. I n a d d i t i o n , a v;eak 
2+ 
6- l i n e resonance probably due to Mn i s present, superimposed on a number 
of l i n e s of u n c e r t a i n o r i g i n . 
Resonances at g = 4.2 of; width rs/lOO gauss were observed i n the 
bitumens and the humic a c i d s , being of greater i n t e n s i t y in the hiunic . 
a c i d s . 
2"^  2^ 
Features a t t r i b u t a b l e to the Mn and(VO) ions s i m i l a r to those 
observed i n the l i g n i t e e x t r a c t s were a l s o observed, the former i n the 
aqueous e x t r a c t and the humic a c i d s , and the l a t t e r i n the n-propanol 
e x t r a c t a.nd the humic a c i d s . 
The f r e e r a d i c a l s i g n a l at g => 2.0037 oocured with g r a t e s t i n t e n s i t y 
( l . 3 X 10 spins/gram) i n the humic a c i d f r a c t i o n , as found a l s o f o r the 
l i g n i t e e x t r a c t s , although the spin concentration i n the b a l l c l a y humic 
a c i d s i s somewhat lower. 
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Table 5#5> Linovyidths a.nd Snin Concnntrr.tionr; of the ^ = 2,0 





C = 4.2 
S ( s p i n s / ^ ) H(^.USS) 
amieous e x t r a c t 9.0 X 10^^ 7 - -
n-propanol "bitumen 2.9 X 10^° 
1.3 X 10^^ 
6 1.7 X 10"^ ^ 
18 
1.5 X 10 
100 
Ilumic a c i d 5 100 
Bz/lIeOH bitumen 9.1 X 10^^ 5.5 weak l i n e -
Since the e x t r a c t i o n y i e l d of humic a c i d from b a l l c l a y waG only 
1.7^ ^ (Table 5 . 2 ) , the c o n t r i b u t i o n of t h i s f r a c t i o n to the -^R spectrum 
of the c l a y corresponds only to an i n t e n s i t y of the order of 10^^ snins/gram, 
which i s only a small f r a c t i o n of the t o t a l i n t e n s i t y of the a n i s o t r o p i c 
l8 
^ = 2 s i ^ p i a l i n the c l a y ( ^ 10 snins/gram), 
Althouc:h the e s n e n t i a l f e a t u r e s of the spectrum of the b a l l c l a y were 
unchanged a f t e r the removal of bitumens and humic a c i d s , small changes i n 
the g a 2.0 resonance between regions 'Y' and 'Z* v;ero j u s t d i c c e r n a b l e , 
almost certa.inly due to the removal of f r e e r a d i c a l s . 
A comparison between the g = 2.0 region of the socctrim of b a l l c l a y 
before and a f t e r removal of the organic matter by s u c c e s s i v e debituminisatiob 
and ^^ 2^ 2 ^^^^^^^^^ i ^ i l l u s t r a t e d i n F i g . 5.10. Here i t i s c l e a r l y shown 
that a change between the regions *Y' and 'Z' of the sr^ectrum has occurred, 
evidenced by a reduction i n the s i z e of the h i g h - f i e l d t a i l of the resonance, 
these changes may be reasonably a t t r i b u r e d to the removal of f r e e r a d i c a l s 
o r i g i n a l l y c o n t r i b u t i n g to the resonance. 
Since the main f e a t u r e s of the resonance are unaltered f o l l o w i n g the 
removal of organic matter, i t i s most improoable that the resonance i s 
due to organic f r e e r a d i c a l s . 
Treatment of the S t . A u s t e l l k a o l i n i t e i n a s i m i l a r manner n e i t h e r 
- 104 -
g„= 2.049 
3180 3240 330O 
H CG) 
3360 
F i g . 5.10,, ESR s p e c t r a ( g = 2.0 r e g i o n ) o f ( a ) u n t r e a t e d 
E o v e y b a l l c l a y ; ( b ) Bovey b a l l c l a y a f t e r 
d e b i t u m i n i z a t i o n and hy d r o g e n p e r o x i d e t r e a t m e n t 
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caused any measurable v/eight l o s s nor induced any changes i n the EoR s p e c t r a . 
Changes i n the g = 4 region of the spectrum of the Bovey ba.ll c l a y 
a f t e r removal of the organic matter are even l e e s d i s t i n c t , but a small 
reduction i n the s i z e of the c e n t r a l peak i s j u s t detectable ( F i g . 5 . I I ) . 
T h i s r e s u l t may be explained i f i t i s assumed that a small c o n t r i b u t i o n 
to the g = 4 resonance i s made by Pe"^^- organic complexes which are removed 
by the treatment. Furthermore, i t would seem reasonable to suspect t l i a t 
they might be i d e n t i c a l to the species responsible for the s i n g l e - l i n e 
g = 4-2 resonances i n the c l a y and l i i p i i t e e x t r a c t s . 
Resonances at g = 4-2 may a r i s e from Fe^^ ions present in e i t h e r 
organic or inorganic complexes, s i n c e the p o s i t i o n of the resonance 
depends only on the symmetry of the environment and the presence of 
f a i r l y l arge s e r o - f i e l d s p l i t t i n g s . I t i s therefore suggested that 
the g = 4»2 s i g n a l s i n the b e l l c l a y and l i g n i t e e x t r a c t s , and i n the 
l i g n i t e before e x t r a c t i o n , are due e i t h e r to Pe^^ - organic complexes, 
or to Fe"^^ ions i n a s i l i c a t e matrix which i s complexed to org.-inic matter. 
F u r t h e r s t u d i e s are needed i n order to decide between these p o s s i b i l i t i e s 
or to a s s e s s which i s the more predominant s p e c i e s . 
To b r i e f l y sximmarise the r e s u l t s so f a r reported, the 23R s n c c t r a 
of corresponding e x t r a c t s from l i g n i t e and b a l l c l a y from the Bovey ba s i n 
have been shown to e x h i b i t s i m i l a r f e a t u r e s . Resonar^ces a t t r i b u t a b l e to 
f r e e r a d i c a l s and a l s o to Pe"^^, Mn^^ and (VO)^"^ complexes have been observed. 
Free r a d i c a l s are present i n a l l f r a c t i o n s , but occur with greatest 
concentrations i n the humic a c i d s . 
The g-value a s s o c i a t e d v;ith the f r e e r a d i c a l s i g n a l i s constant 
to w i t h i n the l i m i t s of experimental e r r o r , i n d i c a t i n g that probably the 
same type of r a d i c a l s occur i n each f r a c t i o n . 
The ESR spectrum of b a l l c l a y i s only s l i g h t l y modified by the 
removal of the organic matter, shovdng that the main f e a t u r e s of the spectrum 






F i g . 5.11. ESR s p e c t r a ( l o w m a g n e t i c f i e l d r e g i o n ) o f 
( a ) u n t r e a t e d E o v e y b a l l c l a y ; ( b ) Bovey 
b a l l c l a y a f t e r d e b i t u m i n i z a t i o n and h y d r o g e n 
p e r o x i d e t r e a t m e n t . 
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complexes have been shown to mcke small contributions to the i n t e n s i t y 
of the resonances at g « 2 and g • 4 r e s p e c t i v e l y i n the c l a y . 
The i n t e r D r e t a i o n of the major features of the I^ H^ s'^ectra of 
kaolinite-,';n^oup minerals i s considered i n d e t a i l i n the next chapter. 
5.6 . -lloctron Spin Hoson?Jice Spectra of Vp.nadyl Con-^loxer i n B a l l 
C l a y and L j . ^ i t e l^xtracts 
I n a number of the solvent e x t r a c t s of b a l l c l a y and l i g n i t e , complex 
-iI3R s n e c t r a were observed, p a r t i c u l a r l y i n some bitumens and huraic a c i d s , • 
which may be a t t r i b u t e d to the presence of small m i a n t i t i e s of vanadyl 
complexes. The s p e c t r a c o n s i s t of a maximum of 16 features (8 peaks 
and 8 z e r o - c r o s s i n g s , not a l l of which are u s u a l l y resolved, and are 
s i m i l a r i n apnearance to s o e c t r a observed previously for a vp.riety of 
vanadyl complexes i n which the unTXiired electrons occupy an approximately 
a x i a l l y symmetric environment. These include the square planar porphyrins, 
15-19 
ohthalocyanine a.nd oxovanadium complexes . 
The s p c c t r a may be f i t t e d approximately to a spin Hamiltonian of 
the form 
^ 2 ^j.C:r^^^ ^ I, ^y) ( 5 .2 ) 
where I (^^V) = 7/2, g i v i n g r i s e to 8 f e a t u r e s a s s o c i a t e d w i t h each 
of the p r i n c i p a l values of the g-tensor. 
Not a l l of the l u expected f e a t u r e s were resolved, and f r e q u e n t l y 
2+ 
the s p e c t r a overlapped with l i n e s due to f r e e r a d i c a l s or Kn . Consequently 
the measurement of the parameters of the spin Hamiltonian (5 .2) was not 
p o s s i b l e i n every case. The parameters which were obtained are l i s t e d i n 
Table 5*6, which includes a comparison with a s e l e c t i o n of comparable 
v a l u e s f o r a range of a x i a l vanadyl complexes obtaincA by previous 
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Table 5,6, . g-values and hyoorfine splitting- parameters of 
liSR s n e c t r a of a x i a l vanadyl complexes. 
Sajnple Phase II A (gauss 
1. B a l l olay. 
n-propanol 
ex t r a c t 
2. B a l l c l a y 
huraic a c i d 
3. L i g n i t e humic 
a c i d I 
4. L i g n i t e humic 
a c i d I I 
2+ 
S o l i d 1.958 1.992 173.6 65.6 
1.945 1.986 187.0 70.8 
1.947 1.985 187.0 70.1 
O i l 5. ( v o r ^ s t i o i 3;^;, 
6. (VO)^'^ E t i o I I 
7. (V0)2+ A c e t y l -
acetonate 
8. (V0)2+ Plithalo- jj so 
cyanine 2 4 
2+ v a r i o u s 
sol v e n t s 9. (VO) Porphyrins 
10. (VO)^"*". i n 
K-alum 
11. (VO)^'*' i n GeO, 
s o l i d 
1.962 1.989 176.3 67.3 
1.948 1.987 174.5 56.0 
1.947 1.988 173.5 58.1 













1.936 1.977 196.0 73.8 
1.929 1-976 194.5 74.0 
Reference 
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16-22 
v/orkers . A d i s c u s s i o n of the po s s i b l e nature of the complexes oc c u r r i n g 
i n b a l l c l a y and l i g n i t e i s ^ iven i n § ' 5 . 9 . 
5 .7 . Infra.red Snectra of B a l l Clay and himite Extra.cts 
The i n f r a r e d absorption spectra of the e x t r a c t s from b a l l c l a y and 
l i g n i t e v;ere recorded i n the v/avelen^th range 2 - 13/1 (5000 - 65O cm^"^). 
T y p i c a l s p e c t r a are i l l u s t r a t e d i n ^ i f j * 5»12. 
The s p e c t r a are s i m i l a r i n a.ppearance to those of a number of 
23—25 
e x t r a c t s from s o i l s , l i g n i t e and c o a l s reported previously ^, I t can 
c l e a r l y be seen that corresponding f r a c t i o n s extracted from both the c l a y 
and the l i g n i t e e x h i b i t s i m i l a r s p e c t r a , i n d i c a t i n g the cl o s e s i m i l a r i t y 
betv;een the organic f r a c t i o n s of the l i g n i t e and the c l a y . 
Two main fea t u r e s of i n t e r e s t may be mentioned : 
( i ) The peaks at 3.4/^ and 3 - 5 ^ > c h a r a c t e r i s t i c of the a l i p h a t i c C-H 
s t r e t c h i n g mode, are f a i r l y pronounced i n the bitumens, v;eaker i n l i g n i t e , 
and almost absent i n the hrnnic a c i d s , i n d i c a t i n g a progressive decrease 
i n a l i p h a t i c c h a r a c t e r . 
( i i ) Peaks at 5.8^< and 6 , 2 ^ , which have been the subject of a number 
24-27 
of i n v e s t i g a t i o n s - , The former i s a t t r i b u t a b l e to the s t r e t c h i n g mode 
of ketonic or c a r b o x y l i c C=0 groups, while the l a t t e r i s g e n e r a l l y assigned 
to aromatic C=C v i b r a t i o n s , with perhaps some contribution from hydrogen 
bonded C=0 groups or COO anions. I n l i g n i t e the 6,2^ peak i s predominant, 
with the 5 .8/^ peak appearing as a shoulder. In the bitumens the 5 . 8 ^ peak 
i s the stronger, i n d i c a t i n g a higher content of G=0 groups. Both peaks 
are pronounced i n the humic a c i d s , the greater i n t e n s i t y of the 6 . 2 ^ 
peak i n the humic aci d s compared with the bitumens being c o n s i s t e n t with 
t h e i r greater a r o m a t i c i t y . The aqueous e x t r a c t s of both b a l l c l a y and 
l i g n i t e e x h i b i t broad bands i n t h i s region, with maximiim absorption 
occurring at about 6.2^/^. 
I n F i g , 5.13 the i n f r a r e d spectra of b a l l c l a y before and a f t e r 
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removal of organic matter by debituminisation and hydrogen peroxide 
oxidation are i l l u s t r a t e d . I t can be seen that peaks at 3 . 4 ^ and 
ar c eliminated by t h i s treatment. A small reduction i n the absorption i n 
the region of 6 , 2 / * - a l s o occurred (not shovm i n diagram), 
5»8, U l t r a v i o l e t lijnission SnectrorrraT^hio Analyses 
The occurrence of major and minor ele^nents i n l i g n i t e , b a l l c l a y and 
t h e i r e x t r a c t s ;vas i n v e s t i g a t e d by q u a l i t a t i v e u l t r a v i o l e t emission 
spectrographic a n a l y s i s . I n addition to ca.rbon, i d e n t i f i e d by the presence 
of cyanogen bands, the elements present i n each extract were A l , S i , Ca, 
Mg and Fe. The remaining minor and t r a c e elements present are l i s t e d i n 
Table 5.7. 
The occurrence of both vanadium and n i c k e l i n small q u a n t i t i e s i n 
raw l i g n i t e , and t h e i r oresence v* i t h increased concentration i n a number 
of e x t r a c t s , i s of i n t e r e s t i n view of the f a c t that these elements are 
the major m e t a l l i c c o n s t i t u e n t s of porphyrins, which occur widely i n 
petroleum f r a c t i o n s and many carbonaceous deposi t s . The e l e c t r o n spin 
resonance s p e c t r a described i n the e a r l i e r parts of t h i s chanter c l o s e l y 
resemble those of vanadyl p o r p h y r i n s ' * ^ ' I t v/ould seern, t h e r e f o r e , that 
the mode of occurrence of vanadium and n i c k e l i n the Bovey de p o s i t s 




3 4 5 6 7 8 IQ 12 IS 
50D0 2 0 0 0 . I 5 0 0 
F R E Q E M C Y (cm-'> 
I do 6 6 5 0 
F i g 5.12. I n f r a r e d a b s o r p t i o n s p e c t r a of l i g n i t e and b a l l 
c l a y e x t r a c t s , ( a ) Eovey l i g n i t e ; (b) bitumen 
from l i g n i t e ; ( c ) humic a c i d from l i g n i t e ; 
(d) aqueous e x t r a c t of l i g n i t e ; ( e ) bitumen from 
b a l l c l a y ; ( f ) humic a c i d from b a l l c l a y ; 
(g) aqueous e x t r a c t of b a l l c l a y . 
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F i g . 5.13. I n f r a r e d s p e c t r a {5000 - 2000 cm"'') o f 
(a) u n t r e a t e d Eovey E^V/VA) b a l l c l a y ; 
(b) EV/VA b a l l c l a y a f t e r d e b i t u m i n i z a t i o n and 
hydrogen peroxide t r e a t m e n t . 
113 
T a b l e 5.7. M i n o r and T r a c n j ^ l f ^ n r > T i t . I d n n t i f i e d i n BQVQY B n l l Clp.y, 
Lignite and t h e i r I ^ x t r a c t s 
SAI^PLS EL"i3'lii!T3 
Bovey l i f p i i t e Ha, K, T i , i-.n, V, H i , Ga 
Bitivnen N i , Sn. 
Huniic a c i d Na, K, T i , i.in, V, Pb, 3 r , Ga, 
P u l v i c a c i d Na, K, T i , I'm, V, N i , Pb, S r , Ga 
Aqueous e x t r a c t Na, K, i'in, V, N i , S r , Ga, Ge, Co 
Bovey B a l l C l a y Na, K, T i , Mn, V, H i , Sn 
• Bitumen 
Humic a c i d Na, K, T i , nn, V, Pb, Ge 
5.9. G e n e r a l ^ i s c u •^sion of R e s u l t s 
T h i s d i s c u s s i o n i s d i v i d e d i n t o f o u r n a r t s , c o ncerned v ; i t h 
( a ) The f r e e - r a d i c a l rer,onance a t c = 2.0037 ; 
( b ) The F e ^ ^ r e s o n a n c e a t g ^ 4,2 ; 
( c ) The v a n a d y l i o n s p e c t r a ; and 
( d ) A d i s c u s s i o n of t h e i n f l u e n c e of t h e c e n t r e s d i s c u s s e d i n t h i s 
c h a p t e r upon t h e S3R s p e c t r a of c l a y m i n e r a l s . 
( a ) The r = 2^0037 r e s o n a n c e 
The o c c u r r e n c e o f t h i s r e s o n a i i c e i n a l l s a m p l e s i n v e s t i g a t e d , v;ith 
l i n e w i d t h v a r y i n g between 5 and 8 g a u s s , may be a t t r i b u t e d t o o r g a n i c 
f r e e r a d i c a l s p r o b a b l y of semiquinone t y p e . The c o n s t a n c y of t h e g - v a l u e 
s u g g e s t s t h a t no marked a l t e r a t i o n i n t h e n a t u r e of the r a d i c a l s took 
p l a c e d u r i n g t h e e x t r a c t i o n p r o c e s s e s . The s m a l l v a r i a t i o n s i n l i n e w i d t h 
i n d i f f e r e n t samples may r e p r e s e n t t h e e f f e c t of changes i n t h e environment 
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or r e l a x a t i o n t i m e s of t h e r a d i c a l s p e c i e s . 
18 The h i g h e s t c o n c e n t r a t i o n s o f f r e e r a d i c a l s ( u p t o 4 x 10 \ i n p a i r e d 
s p i n s per gram) were found t o o c c u r i n t h e humic a c i d s , i n a c c o r d a n c e 
w i t h p r e v i o u s f i n d i n g s t h a t t h e o c c u r r e n c e of l a r g e c o n c e n t r a t i o n s of 
r a d i c a l s i s a s s o c i a t e d w i t h condensed a r o m a t i c s y s t e m s . The c o n c e n t r a t i o n s 
o f f r e e r a d i c a l s i n t h e b i t umens and aqueous e x t r a c t s were u s u t i l l y much 
l o w e r , and p o s s i h l y r e p r e s e n t t h e l i m i t e d s o l u b i l i t y of l i g n i n or humic 
29 
s u b s t a n c e s i n v/ater or o r g a n i c s o l v e n t s . 
( b ) The r = A.2 r e s o n a n c e 
The a s y m m e t r i c a l r e s o n a n c e s a t g = 4.2 o b s e r v e d i n b o t h l i g n i t e 
and i t s e x t r a c t s and i n some b a l l c l a y e x t r a c t s may be a t t r i b u t e d t o F e ^ * 
i o n s o c c u p y i n g s i t e s of orthorhombic symmetry. The i n c r e a s e i n t h e i n t e n s i t y 
of t h e r e s o n a n c e i n l i g n i t e on h e a t i n g may be a t t r i b u t e d t o the o x i d a t i o n 
of Fe2+ t o Fe3+, s i n c e F c 2 + g i v e s no i^SR s i g n a l e x c e p t a t low t e m p e r a t u r e s . 
The o r i g i n of r e s o n a n c e s of t h i s t y p e has been d i s c u s s e d p r e v i o u s l y i n t h i s 
t h e s i s . The r e s o n a n c e may be d e s c r i b e d i n terms of a s p i n H a m i l t o n i a n 
of t h e form 
= G/?H.S + ' D(S^^ - 5-S(S+l)) + S ( S ^ ^ - S^^) (-5^ -3.) 
where D and E a r e energy terms r e p r e s e n t i n g t h e z e r o - f i e l d s p l i t t i n g of 
t h e environment of t h e F e ^ ^ i o n s . A r e s o n a n c e a t g = 4.29 i s p r e d i c t e d 
i f E/D = r e p r e s e n t i n g t h e c a s e of 'complete' orthorhombic symmetry, 
7 9 
p r o v i d e d S and D a r e l a r g e w i t h r e s p e c t t o t h e Zecman energy' ' ' r 
The wide v a r i a t i o n i n l i n e w i d t h s o b s e r v e d i n v a r i o u s s a m p l e s i n t h e 
p r e s e n t work, between 65 and I80 g a u s s , r e f l e c t s a v a r i a t i o n i n t h e l o c a l 
s i t e symmetry of t h e Fe^**" i o n s , d e s c r i b a b l e i n t erms of t h e s p i n l i a m i l t o n i a n 
by a s l i g h t change i n t h e r a t i o E/D from v . T h i s s u g g e s t s t h a t t h e b r o a d e r 
g = 4.2 l i n e s may be a c o m p o s i t e spectrum due t o F e ^ ^ i o n s o c c u p y i n g a 
number of d i f f e r i n g low-symmetry s i t e s . A s i m i l a r e f f e c t has been o b s e r v e d 
30 7 i n g l a s s e s and o t h e r p o l y c r y s t a l l i n e m a t e r i a l s . 
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The long t a i l on t h e l o v ? - f i G l d s i d e of the r e s o n a n c e s a t g = 4.2, 
e x t e n d i n g down t o about g = 9> c o n v e n i e n t l y e x p l a i n e d by a s s i ^ i n g 
t h e a b s o r p t i o n t o the lov/est ( o r h i g h e s t ) of the t h r e e Kramers* d o u b l e t s 
i n t o v/hich t h e Fe"^^ g r o u n d s t a t e i s s p l i t by the c r y s t a l f i e l d asymnetry, 
e x t r e m e l y a n i s o t r o p i c g - t e n s o r s b e i n g a s s o c i a t e d v;ith t h e s e d o u b l e t s , 
( T h e s o l u t i o n s of the s p i n H a m i l t o n i a n f o r v a r i o u s v a l u e s of S/S a r e g i v e n 
i n Appendix 1.) 
C h e m i c a l a n a l y s i d of t h e Bovey l i g n i t e a s h r e v e a l e d a c o n c e n t r a t i o n 
of Pe2 O3 amounting t o s e v e r a l p e r c e n t , i n d i c a t i n g t h a t o n l y a s m a l l 
f r a c t i o n of t h e t o t a l i r o n c o n t e n t of t h e l i g n i t e c o n t r i b u t e s t o t h e 
g = 4»2 r e s o n a n c e . 
The o b s e r v a t i o n of r e s o n a n c e s a t g ^ 4 i n k a o l i n i t e - and mica-group 
m i n e r a l s , w h i c h a r e d e s c r i b e d i n C h a p t e r 6, i n d i c a t e s t h a t t h e g = 4.2 
r e s o n a n c e n i n l i g n i t e and i n t h e c l a y and l i g n i t e e x t r a c t s might a r i s e 
3+ 
from Pe i o n s i n a s i l i c a t e m a t r i x p o s s i b l y complexed t o o r g a n i c m a t e r i a l ; 
a l t e r n a t i v e l y t h e s p e c t r a c o u l d a r i s e from Pe^^ d i r e c t l y complexed t o 
o r g a n i c m a t t e r . F u r t h e r e x p e r i m e n t a l e v i d e n c e , p r o b a b l y i n t h e form of 
combined c h e m i c a l and SGR s t u d i e s of b a l l c l a y and l i g n i t e e x t r a . c t s 
p u r i f i e d and s u b j e c t e d t o more r i g o r o u s f r a c t i o n a t i o n methods a r e 
n e c e s s a r y i n o r d e r t o d i s t i n g u i s h betvieen t h e s e p o s s i b i l i t i e s . P r e l i m i n a r y 
e v i d e n c e has i n d i c a t e d t h a t t h e i n t e n s i t y of t h e g = 4.2 r e s o n a n c e i n 
l i g n i t e humic a c i d can be markedly r e d u c e d by r e p e a t e d e x t r a c t i o n of 
i r o n u s i n g ammonium t h i o c y a n a t e , v;hich x-/ould seem t o i n d i c a t e t h a t a t 
l e a s t i n t h i s p a r t i c u l a r sample the m a j o r i t y of t h e i r o n g i v i n g r i s e 
t o t h e s i g n a l i s i n a c h e m i c a l l y a c c e s s i b l e environment. 
C l e a r l y , t h e s i n g l e l i n e g = 4-J? r e s o n a n c e makes only a m a r g i n a l 
c o n t r i b u t i o n t o t h e i n t e n s i t y of the l o v / - f i e l d r e s o n a n c e i n t h e b a l l c l a y . 
I n summary, t h e r e s o n a n c e s a t g = 4*2 may be a t t r i b u t e d t o f e r r i c 
c omplexes i n w h i c h the m e t a l atom o c c u p i e s an environment of a p p r o x i m a t e l y 
o rthorhombic symmetry, w h i c h may a r i s e fro:-, d i s t o r t e d o c t a h e d r a l or 
- l l o -
t e t r a h e d r a l c o n f i g u r a t i o n s , Hov/ever, complexes of t h i s type make l i t t l e 
c o n t r i b u t i o n t o t h e 33R spectrum of t h e b a l l c l a y . 
( c ) S p e c t r a due t o V a n a d y l Comnlexen 
From t h e v a l u e s of t h e s p i n H a m i l t o n i a n parameters » Cj^ > 
and Aj_ l i s t e d i n T a b l e 5.6, i t can be seen t h a t t h e Zi^ SR s p e c t r a a s s o c i a t e d 
v/ith va.nadyl complexes o b s e r v e d i n t h i s v/ork a r e of a s i m i l a r n a t u r e t o 
15-22 
s p e c t r a p r e v i o u s l y o b s e r v e d f o r v a n a d y l p o r p h y r i n s and s i m i l a . r complexes 
The n a t u r e of the i n - p l a n e l i ^ n d s has been shown to i n f l u e n c e t h e 
s p i n H a m i l t o n i a n p a r a m e t e r s , p r o ^ e s s i v e r e p l a c e m e n t of n i t r o g e n by 
oxygen i n c r e a s i n { ^ t h e h y p e r f i n e s p l i t t i n g p a r a m e t e r s ' ^ . The s p e c t r a o b s e r v e d 
i n t h i s v;ork f a l l i n t o two groups, t h e parameters a s s o c i a t e d v;ith t h e 
s p e c t r a of s a m p l e s ( l ) and (4) b e i n g c l o s e r t o t h o s e of v a n a d y l p o r p h y r i n s 
or p h t h a l o c y a n i n e ^^"^^ and t h e s p e c t r a of samples (2) and (3) more 
c l o s e l y r e s e m b l i n g t h o s e of oxovanadium complexes s u c h as v a n a d y l 
a c o t y l a c e t o n a t e ' ^ ' 
I f p o r p h y r i n s or p h t h a l o c y a n i n e v/ere r e s p o n s i b l e f o r t h e s p e c t r a , 
one v/ould a n t i c i p a t e o b s e r v i n g some s u p e r h y p e r f i n e s t r u c t u r e ( s h f s ) due 
t o t h e i n t e r a c t i o n of t h e u n p a i r e d s o i n s v;ith one or more '^^U n u c l e i . ^ 
No d e f i n i t e e v i d e n c e of any s h f s v/as o b t a i n e d , though the s o c c t r u j n 
of one e x t r a c t ( l i g n i t e humic a c i d ) e x h i b i t e d a number of p o o r l y d e f i n e d 
l i n e s on one of t h e * p e r p e n d i c u l a r ' s e t of h y n e r f i n e components of 
s e p a r a t i o n about 2 g a u s s , v/hich i s a p p r o x i m a t e l y of the order of magnitude 
17 
of t h e n i t r o g e n s h f s p r e v i o u s l y o b s e r v e d f o r v a n a d y l p o r p h y r i n s and 
p h t h a l o c y a n i n e " ^ ' . 
Both p o r p h y r i n and n o n - p o r p h y r i n v a n a d y l complexes a r e v / i d e l y 
d i s t r i b u t e d i n petroleum o i l s and a s p h a l t e n e s and have been e x t e n s i v e l y 
28 32 3^ 
i n v e s t i g a t e d ' ~ . I t i s s u g g e s t e d t h a t t he s p e c t r a observed i n t h e 
p r e s e n t work a r e s i m i l a r l y due t o a h e t e r o g e n e o u s m i x t u r e of v a n a d y l 
complexes i n s m a l l q u a n t i t i e s i n the o r g a n i c m a t t e r a s s o c i a t e d v;ith t h e 
Bovey B a s i n d e p o s i t s . F u r t h e r i n v e s t i g a t i o n of t h e n a t u r e of t h e s e 
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s u b s t a n c e s c o u l d p r o v i d e u s e f u l i n f o r m a t i o n rc.rr.rding t h e o c c u r r e n c e of 
v a n a d i i i n i n c a r b o n a c e o u s d e p o s i t s . 
( d ) ^ffr-.ct of O r r a n i c Rp.dicals -?.nd O r - r a n o m e t a l l i c Comolaxes on the EoR 
S - i e c t r a c f C l a y M i n e r a l s 
The s o l v e n t f r a c t i o n a t i o n , and i n f r a r e d s t u d i e s d e s c r i b e d i n 
t h i s c h a p t e r have i n d i c a t e d t h e c l o s e P a r a l l e l between the o r g a n i c f r a c t i o n s 
of t h e c o - e x i s t i n g b a l l c l a y and l i f ^ T i i t e of South Devon, and t h e o c c u r r e n c e 
of s i m i l a r p a r a m a gnetic s p e c i e s i n e x t r a c t s from each s o u r c e . However, t h e 
manganese and v a n a d y l s p e c t r a o b s e r v e d i n some bitumens, aqueous e x t r a c t s 
and humic s u b s t a n c e s a r e u s u a l l y u n r e s o l v e d or b a r e l y d e t e c t a b l e i n t h e 
s p e c t r a of t h e o r i g i n a l l i g n i t e or c l a y . F u r t h e r m o r e , i t h a s been shov.Ti 
t h a t Fe'^^-organic complexes make o n l y a s m a l l c o n t r i b u t i o n t o t h e spectrum 
of t h e c l a y . 
S i g n a l s a t g = 2.0037 from o r g a n i c f r e e r a d i c a l s have been shown 
t o c o n t r i b u t e t o the a s y m m e t r i c g = 2 r e s o n a n c e of b a l l c l a y and t o modify 
t h e l i n e s h a p e of t h e r e s o n a n c e . However, e x h a u s t i v e s o l v e n t e x t r a c t i o n and 
hydrogen p e r o x i d e t r a t m e n t removes o n l y t h e c o n t r i b u t i o n from t h e f r e e 
r a d i c a l s , and does not a f f e c t t h e main f e a t u r e s of t h e as y m m e t r i c r e s o n a n c e . 
The l a t t e r i s shov/n i n C h a p t e r 6 t o be common t o a l l k a o l i n i t e - c o n t a i n i n g 
c l a y s examined, and t o have no c o r r e l a t i o n w h a t s o e v e r w i t h t h e o r g a : i i c 
c o n t e n t of t h e c l a y . T h i s r e s o n a n c e i s not t h e r e f o r e a t t r i b u t a b l e c i t h e r 
t o o r g a n i c f r e e r a d i c a l s or t o o r g a n o m e t a l l i c complexes. I t s a s s i g n m e n t i s 
d i s c u s s e d i n C h a p t e r 7. 
The p a r t i c i p a t i o n o f c a t i o n s s u c h a s Pe"^^ and Al"^"*" i n the f o r m a t i o n 
of c l a y - h u m i c a c i d and c l a y - f u l v i c a c i d complexes has been r e c e n t l y 
d i s c u s s e d ^ ^ . The o b s e r v a t i o n i n t h i s work of Pe^"*" i o n s complexed t o 
humic a c i d s and o t h e r o r g a n i c f r a c t i o n s by KSR s p e c t r o s c o p y i n d i c a t e s t h a t 
f u r t h e r s t u d i e s of such complexes by ESR and o t h e r t e c h n i q u e s might y i e l d 
new i n f o r m a t i o n r e g a r d i n g t h e c o m p l e x i n g p r o p e r t i e s of humic s u b s t a n c e s 
and t h e i r i n t e r a c t i o n s v j i t h c l a y m i n e r a l s . 
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6, ELECTROI^ SPIN RESOKANCE STUDY OF ALUT.aHOSILICATE 
MINERALS 
6.1. I n t r o d u c t i o n 
I n t h i s chapter the r e s u l t s of the present experimental 
i n v e s t i g a t i o n o f the ESR spectra of c e r t a i n a l u m i n o s i l i c a t e 
m i n e r a l s are presented. The minerals i n v e s t i g a t e d comprised 
c l a y minerals ( p a r t i c u l a r l y of the k a o l i n i t e group) and micas. 
I n §6,2 the samples and experimental techniques used are 
desc r i b e d . I n ^6.3 the r e s u l t s o f a q u a l i t a t i v e survey o f 
the ESR sp e c t r a o f the min e r a l s are presented ; i n §6.4 the 
r e s u l t s o f a more d e t a i l e d study of the ESR sp e c t r a o f k a o l i n i t e 
are presented, t o g e t h e r w i t h some f u r t h e r data r e l a t i n g t o 
micas. 
The use o f ESR spectroscopy, i n c o n j u n c t i o n w i t h a number 
of o t h e r techniques, has made p o s s i b l e a more d e t a i l e d 
i n t e r p r e t a t i o n of the ESR sp e c t r a of k a o l i n i t e s than p r e v i o u s l y 
undertaken. I t w i l l be shown t h a t some of the f e a t u r e s of t h e 
s p e c t r a are a t t r i b u t a b l e t o s u b s t i t u t i o n a l f e r r i c i o n s , and 
ot h e r s t o the presence of trapped d e f e c t s such as hole c e n t r e s . 
S i g n i f i c a n t changes o c c u r r i n g i n the s p e c t r a o f heated 
k a o l i n i t e - c o n t a i n i n g c l a y s are i n t e r p r e t e d i n terms o f ann e a l i n g 
e f f e c t s and also the knovm - s t r u c t u r a l t r a n s f o r m a t i o n s caused 
by thermal t r e a t m e n t . I t i s shovm t h a t ESR spectroscopy can 
r e a d i l y p r o v i d e u s e f u l i n f o r m a t i o n r e g a r d i n g these t r a n s f o r m a t i o n s 
One of the major d i f f i c u l t i e s a ssociated w i t h the 
i n t e r p r e t a t i o n o f the ESR spectra o f n a t u r a l m inerals i s 
t h a t f r e q u e n t l y more than one m i n e r a l phase i s present i n any 
given sample. Consequently any observed s p e c t r a a r i s i n g from 
paramagnetic i m p u r i t i e s may a r i s e from species present i n one 
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or more of the minor m i n e r a l components r a t h e r than the major 
c o n s t i t u e n t , e.g. the ESR sp e c t r a o f k a o l i n s c o n t a i n i n g micaceous 
i m p u r i t i e s may be m o d i f i e d by paramagnetic i m p u r i t i e s i n the 
mica. P a r t i c u l a r a t t e n t i o n has been pai d t o t h i s problem i n 
the present work ; i n p a r t i c u l a r , the e f f e c t of v a r y i n g the 
c o n c e n t r a t i o n of mica (muscovite) i m p u r i t i e s on the ESR s p e c t r a 
o f k a o l i n i t e has been i n v e s t i g a t e d . 
Due t o the complexity o f many of the ESR spectra of t h e 
m i n e r a l s , and the presence i n some cases o f o v e r l a p p i n g f e a t u r e s 
from more than one species, the i n t e r p r e t a t i o n of the s p e c t r a 
f r e q u e n t l y depend on a number of separate experiments. The 
p r e s e n t a t i o n and d i s c u s s i o n of the r e s u l t s i n a l o g i c a l manner 
i s t h e r e f o r e n ot easy. I n some cases i t has been considered 
more u s e f u l t o discuss r e s u l t s as they are presented ; i n 
ot h e r cases d i s c u s s i o n i s postponed t o Chapter 7, which c o t a i n s 
the general d i s c u s s i o n and c o n c l u s i o n s . 
Regarding the nomenclature used i n t h i s chapter, s t r i c t l y 
the term ' k a o l i n i t e * should r e f e r t o the mi n e r a l species suid 
' k a o l i n * t o the c l a y , which i n v a r i a b l y contains admixtures o f 
m i n e r a l o g i c a l i m p u r i t i e s . F r e q u e n t l y , however, i n d i s c u s s i n g 
phenomena which are unambiguously associated w i t h species 
l o c a t e d v / i t h i n . t h e k a o l i n i t e l a t t i c e , the samples are r e f e r r e d 
t o as ' k a o l i n i t e ' , the presence o f small q u a n t i t i e s of i m p u r i t i e s 
being understood. 
The m i n e r a l o g i c a l composition of the samples, where 
a v a i l a b l e , i s given i n ^6.2.2. 
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6.2. D e s c r i p t i o n of Samples and Experimental Technioues 
6.2.1, Experimental Techniques 
r/:ost o f the experimental techniques employed have been 
de s c r i b e d p r e v i o u s l y i n f 5 . 2 . 2 . 
X-ray pov/der d i f f r a c t i o n s t u d i e s were c a r r i e d out by 
c o n v e n t i o n a l methods w i t h a P h i l i p s X-ray d i f f r a c t o m e t e r u s i n g 
Cu YiCK r a d i a t i o n . P r e f e r e n t i a l o r i e n t a t i o n of p l a t y p a r t i c l e s 
were minimised by an'end-loading' technique s i m i l a r t o t h a t 
o f Niskanen^. 
I r r a d i a t i o n o f c l a y samples was c a r r i e d out u s i n g a 
'Raymax' X-ray generator i n c o r p o r a t i n g a copper t a r g e t . Samples 
were i r r a d i a t e d w i t h 40 kV X-rays a t 8mA beam c u r r e n t . Under 
these c o n d i t i o n s , the dose t o which the samples were exposed was 
estimated t o be approximately 0,66 kR/minute. 
6.2.2, D e s c r i p t i o n o f Samples 
The e l e c t r o n s p i n resonance study was c a r r i e d out u s i n g 
a t o t a l o f 25 d i f f e r e n t c l a y minerals from a v a r i e t y o f l o c a t i o n s , 
which comprised 9 k a o l i n i t e s , two b a l l c l a y s , 5 d i c k i t e s , 
7 micas, one i l l i t e , one p y r o p h y l l i t e and two h e c t o r i t e s 
(one n a t u r a l and one s y n t h e t i c ) . 
Four o f the k a o l i n i t e s , r e f e r r e d t o i n t h i s chapter as 
'Supreme*, 'Refined*, 'OECD' and 'Georgia' were s u p p l i e d by 
E n g l i s h Clays, L e v e r i n g , Pochin & Co, L t d . , St, A u s t e l l , 
C o r n w a l l , England. Four ot h e r k a o l i n i t e s were obtained from 
Ward & Co,, being i d e n t i c a l t o API re f e r e n c e clays Nos, 3, 4, 
7 and 9, I n a d d i t i o n , a p r e f e r e n t i a l l y o r i e n t a t e d k a o l i n i t e 
stack o r i g i n a t i n g from Colombia, South America, was k i n d l y 
donated by Professor G, V/. B r i n d l e y of the Department o f 
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I^Z-ineral Sciences, Pennsylvania S t a t e U n i v e r s i t y , U.S.A. 
One of the b a l l c lays (EWVA) was su p p l i e d by Watts, Blake 
Bearne «& Co. L t d . , Newton Abbot, Devon, England. This c l a y has 
been descri b e d already i n Chapter 5, and i t s chemical a n a l y s i s 
given i n Table 5.1. The ot h e r b a l l c l a y , o r i g i n a t i n g from 
Billacombe, Devon, was donated by the Department of Geology o f 
Plymouth P o l y t e c h n i c . 
One of the d i c k i t e s ( ' d i c k i t e U') was a h i g h l y pure sample 
o r i g i n a t i n g from S a l t Lake C i t y , Utah, U.S.A. A second d i c k i t e , 
o b t a i n e d from V/ard & Co., was i d e n t i c a l t o API re f e r e n c e c l a y 
no. 16. The t h i r d sample ( ' d i c k i t e R') was of unknov/n o r i g i n . 
Five of the micas were obtained from E n g l i s h Clays, L e v e r i n g 
Pochin & Co. L t d . , namely the Tr e l a v o u r and Tregarden b i o t i t e s , 
the Lee Moor muscovite, the z i n n w a l d i t e and the l e p i d o l i t e . 
These micas o r i g i n a t e from the g r a n i t e s of S.W. England, and 
were a l l r e c e i v e d as f i n e powders o f p a r t i c l e s i z e < 2^ *. e.s.d. 
2 
The f i r s t f o u r have been described elsewhere . 
Two sheet micas were examined, one being a muscovite o f unknown 
o r i g i n , and the othe r a p h l o g o p i t e from Hart's Range, Northern 
T e r r i t o r y , A u s t r a l i a , v/hich was k i n d l y s u p p l i e d by Dr. J. Harvey 
of the Department of Geology, Plymouth P o l y t e c h n i c . 
The i l l i t e was i d e n t i c a l t o API re f e r e n c e c l a y no. 35. 
The p y r o p h y l l i t e was i d e n t i c a l t o API re f e r e n c e c l a y no. 48. 
One of the h e c t o r i t e s was i d e n t i c a l t o API re f e r e n c e c l a y 
no. 34, v/hile the oth e r was a s y n t h e t i c sample obtained from 
Laporte I n d u s t r i e s and marketed under the tr a d e name of *LaponiteV 
The API re f e r e n c e c l a y s are described i n d e t a i l elsewhere^. 
The 'Supreme' k a o l i n i t e i s a sample o f f a i r l y h i g h 
c r y s t a l l i n i t y t y p i c a l of the St. A u s t e l l c l a y s . I t was r e c e i v e d 
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as a f i n e powder approximately 949^ < 2,U e.s.d., c o n t a i n i n g 
about 5/^  i m p u r i t i e s , predominantly mica. 
The ' r e f i n e d ' k a o l i n i t e was a S t . A u s t e l l k a o l i n i t e 
s i m i l a r t o the 'Supreme* k a o l i n i t e which had been p u r i f i e d by 
4 S 
a c i d washing and a magnetic e x t r a c t i o n technique ' such t h a t 
i t s mica content had been reduced to approximately 25^ . 
The OECD k a o l i n i t e i s another St, A u s t e l l c l a y on which 
ex t e n s i v e a n a l y t i c a l data i s a v a i l a b l e ^ . I t s m i n e r a l o g i c a l 
composition i s approximately: k a o l i n i t e 885^, muscovite 10%, 
q u a r t z 15^  and f e l d s p a r 1%. 
The Georgia k a o l i n i t e , predominantly ^ 5/C e.s.d., i s 
a f a i r l y pure sample, c o n t a i n i n g about S8fo k a o l i n i t e , o f somewhat 
lower c r y s t a l l i n i t y than the St. A u s t e l l c l a y s , w i t h about 
1% i l l i t e and 1% anatase. 
The Lee Moor muscovite c o n t a i n s about 15% k a o l i n i t e from 
X-ray d i f f r a c t i o n evidence. 
Chemical analyses of the samples, where a v a i l a b l e , are 
g i v e n i n Table 6.1, e x c l u d i n g the API r e f e r e n c e c l a y s whose 
analyses are a v a i l a b l e elsewhere^. 
6.3. .Preliminary Survey of the E l e c t r o n Spin Resonance 
Spectra of A l u m i n o s i l i c a t e Minerals 
The ESR s p e c t r a o f the 25 a l u m i n o s ^ i l i c a t e s described i n 
the preceding s e c t i o n v/ere recorded a t X-band (9.3 GHz) a t 
room temperature. For convenience,, the spect r a are d i v i d e d 
i n t o t h r e e groups, which are discussed i n s e c t i o n s 6,3.1 - 6,3.3« 
A p r e l i m i n a r y d i s c u s s i o n of the r e s u l t s i s given i n ^6.3.4. 
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Table 6.1. Chemical analyses o f samples (percentages 
by weight) 
1 2 3 4 5 6 . 7 8 
Si02 46.6 46.8 - - 46.5 38.9 45.8 49.8 
AI2O3 38.3 38.0 - 38.6 39.1 22.0 33.8 20.7 
TiO^ 0.05 0.04 - 1.75 0.04 0.36 0.41 0.30 
Fe^O^ 0.49 0.46 0.31 0.46 0.01 2.07 2.38 0.90 
FeO - - - - - 16.95 1.12 5.70 
CaO 0.20 0.08 — - 0.05 1.30 0.04 0.10 
WgO 0.20 0.17 - 0.14 0.50 0.50 0.20 
MnO - - • - - - 0.34 — 0.58 
K^ O 0.68 1.21 0.08 - 0.02 9.32 9.08 10.30 
NagO 0.07 0.08 0.03 - - 0.33 0.46 0.26 
L i 2 0 - — - - . — 1.49 0.34 4.10 
F — 0.11 - - 4.00 — 6.80 
I g n . 13.4 12.9 14.0 - 14.1 4.6 6.1 2.90 
Key : 1 - Supreme k a o l i n i t e . ( S t . A u s t e l l ) ; 2 - OECD k a o l i n i t e 
( S t . A u s t e l l ) ; 3 - Refined k a o l i n i t e ( S t . A u s t e l l ) • 9 
4 - Georgia k a o l i n i t e ; 5 - D i c k i t e ( S a l t Lake C i t y , Utah) 
6 - T r e l a v o u r b i o t i t e ; 7 - Muscovite (Lee Moor) ; 
8 - Z i n n w a l d i t e . -
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6.3.1. K a o l i n i t e Group Minerals 
The ESR s p e c t r a of a l l the k a o l i n i t e s and b a l l c l a y s 
e x h i b i t e d two major f e a t u r e s , r e f e r r e d t o here as A and B, 
c o n s i s t i n g of resonances centred a t about g = 2,0 and g = 4.2 
r e s p e c t i v e l y , v/hich were p r e v i o u s l y mentioned i n § 5.5 in. 
connection w i t h the work on the Bovey (EV/VA) b a l l c l a y . I n 
F i g . 6,1 the ESR s p e c t r a o f the Supreme and Georgia k a o l i n i t e s 
and the EWVA b a l l c l a y are i l l u s t r a t e d . I t can be seen t h a t 
resonance A i s an asymmetric 2 - l i n e f e a t u r e , w h i l e resonance 
B c o n s i s t s of a p p a r e n t l y t h r e e l i n e s a t about g = 4, t o g e t h e r 
v/ith a l o w - f i e l d t a i l and a small peak a t about g = 9. 
The f i g u r e shows c l e a r l y c e r t a i n v a r i a t i o n s between 
the s p e c t r a o f the t h r e e c l a y s v/hich t y p i f y the v a r i a t i o n s 
observed over the whole range of samples examined. These v a r i a t i o n s 
are o f two types : 
( i ) V a r i a t i o n s i n the r e l a t i v e i n t e n s i t i e s of f e a t u r e s A and 
B between one c l a y and another ; and 
( i i ) V a r i a t i o n s i n the lineshape a s s o c i a t e d w i t h f e a t u r e B - i n 
some s p e c t r a the c e n t r a l l i n e i n the g = 4 r e g i o n i s more pronounce( 
as i n the b a l l c l a y and the Georgia k a o l i n i t e , v/hile i n o t h e r 
cases, as f o r the Supreme k a o l i n i t e , i t i s r e l a t i v e l y weaker. 
The o v e r a l l i n t e n s i t y o f resonance B i s g r e a t e r i n the 
EV/VA b a l l c l a y than i n e i t h e r o f the k a o l i n i t e s , w h i l e the 
o v e r a l l i n t e n s i t y of resonance A i s g r e a t e s t i n the Georgia 
k a o l i n i t e . 
The reasons f o r these d i f f e r e n c e s v / i l l be discussed l a t e r . 
Approximate c a l c u l a t i o n s o f the i n t e n s i t i e s o f resonances 
A and B gave values o f between 10^® and 10^^ spins/gram f o r 
most of the samples examined. 










Fig, 6.1. E.S.R, spectra of kaolins recorded at room 
temperature. 
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of r e l a t i v e l y weak l i n e s centred at about g = 2.0 were observed 
i n a number of samples, in c l u d i n g the Georgia k a o l i n i t e and 
the API k a o l i n i t e s nos. 3 and 4. These features ( l i n e s ' C i n 
Fig. 6.1.) resemble the spectra observed i n a number of solvent 
extracts from b a l l clay and l i g n i t e , as described previously i n 
chapter 5t and are assigned to vanadium i m p u r i t i e s , probably 
vanadyl ions. This i s not s u r p r i s i n g since vanadium i m p u r i t i e s 
are knovm to be present i n many of the clays'^. I n some cases, as 
f o r the Georgia k a o l i n i t e y these features were easily removed by 
washing wit h d i l u t e HCl, and no d i r e c t evidence for the occurrence 
of s u b s t i t u t i o n a l vanadium i n any of the clays was obtained. 
Another f e a t u r e , observed i n the ESR spectra of some of 
the clays, was a broad resonance of l i n e w i d t h approximately 
1000 gauss centred at g = 2.0 and superimposed on resonance A, 
This resonance i s present, though f a i r l y weak, i n the spectrum 
of the EWVA b a l l clay and also i n some of the k a o l i n i t e s , 
p a r t i c u l a r l y API no. 7» Similar resonances were also found i n 
the majo r i t y of the micas, i n which they are generally of greater 
i n t e n s i t y . They w i l l therefore be discussed l a t e r . 
Two of the d i c k i t e s ('U' and API no. 16) exhibited resonances 
i d e n t i c a l to resonance A. A l l three d i c k i t e s examined exhibited 
ESR absorption at about g = 4, though the observed features did 
not closely resemble the c h a r a c t e r i s t i c lineshape of resonance B 
of k a o l i n i t e and b a l l clay. 
A l l three d i c k i t e s also exhibited vanadium spectra s i m i l a r 
to those observed i n the k a o l i n i t e s as previously described*, 
The spectra of d i c k i t e 'U* i s i l l u s t r a t e d i n Fig 6.2. 
Washing the clays w i t h d i l u t e acids had no e f f e c t on 
any of the ESR spectra described here, apart from the removal 
of the vanadium l i n e s i n some cases, as described previously. 
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g = 2 0 
Pig. 6.2. E.S.R. spectrum of d i c k i t e 'U* (Salt Lake C i t y , Utah) 
recorded at room temperature. 
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6.3,2, F^ica and I l l i t e Group I^inerals 
The ESR spectra of four of the micas, namely the Lee 
Moor muscovite, the Tregarden b i o t i t e , the zinnwaldite and 
the i l l i t e are i l l u s t r a t e d i n Fig, 6.3. 
The spectra of the rauscovite ajid zinnv/aldite resemble 
one another, e x h i b i t i n g the f o l l o w i n g features : 
( i ) A resonance at g = 4.2 of linev/idth approximately 150 
gauss, possessing one or more shoulders and a long t a i l on 
the l o w - f i e l d side. 
( i i ) A broad resonance centred at about g = 2.0 having 
l i n e w i d t h of the order of 800 - 1000 gauss. 
( i i i ) A sharper resonance, s i m i l a r i n form t o resonance A 
observed i n the kaolinite-group minerals, v/hich i s super-
imposed on the broad resonance. The i n t e n s i t y of t h i s 
resonaoice i s markedly weaker than the resonances observed 
i n the m a j o r i t y of the k a o l i n i t e s . 
The spectrum of the i l l i t e contains features ( i ) and 
( i i ) , and also a complex-spectrum c h a r a c t e r i s t i c of a 
manganese (Mn^ **") imp u r i t y . 
The spectrum of the Tregarden b i o t i t e i s dominated by 
an intense, symmetrical resonance centred at g = 2,0 of 
l i n e w i d t h about 1000 gauss. No signal at g = 4.2 i s resolvable 
i n the spectrum i l l u s t r a t e d i n Fig. 6,3, but on increasing the 
spectrometer gain a weak l i n e at g = 4.2 on the side of the 
broad resonance was observed. This l i n e was also present i n 
a spectrum recorded at 77^K, Calculations showed the r a t i o . 
of the i n t e n s i t i e s of the g = 2.0 and g = 4.2 resonances 
to be approximately 10^ : 1. 
Broad resonances were also observed i n the Trelavour 
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g = 2 0 
Fig. 6,3. E.S.R. spectra of (a) Lee Moor nuscovite^ (b) 
zinnwaldite, (c) Tregarden b i o t i t e , (d) i l l i t e 
(A.P.I. No. 35), recorded at room teniperature. 
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b i o t i t e and the phlogopite, "but i n these samples the l i n e s 
were asymmetrical and displaced from g = 2.0. 
The l e p i d o l i t e exhibited a resonance at g = 4.2 s i m i l a r 
to that observed i n the muscovite, i l l i t e and zinnwaldite, and 
i n a d d i t i o n a broad g = 2.0 resonance and a 6-line spectrum 
c h a r a c t e r i s t i c of an Mn^"*" impurity. 
V/ashing with d i l u t e acids had no e f f e c t on the i n t e n s i t y 
or form of any of the ESR spectra discussed i n t h i s section. 
A l l of the spectra described up to t h i s p o i n t , w i t h 
the exception of the phlogopite, were obtained using powder 
samples. Some experiments using single flakes of mica 
which provided useful information are described l a t e r i n 
§ 6.4.6. 
6.3.3. Other ?.".inerals 
The p y r o p h y l l i t e (API No. 48) exhibited a weak resonance 
at g ^ 9, and a small asymmetric double-line signal at g = 2.0, 
s i m i l a r , though not exactly i d e n t i c a l , to resonance A of 
k a o l i n i t e group minerals. 
The nat u r a l h e c t o r i t e exhibited a weak signal at g = 4.2 
s i m i l a r to the resonances observed i n the majority of the 
2 ^ 
micas, and also a complex P/.n spectrum s i m i l a r to th a t of 
the i l l i t e . 
The synthetic h e c t o r i t e ( l a p o n i t e ) exhibited only two 
l i n e s at low magnetic f i e l d s , i n the region of g = 4. 
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6.3.4.' Discussion of Results 
I n a d d i t i o n to the resonances observed i n a number of 
the clay minerals which may be a t t r i b u t e d to manganese (Mn^ "*") 
and vanadium (probably (VO)^ "*") i m p u r i t i e s , which are not 
considered f u r t h e r here, the ESR spectra described i n t h i s 
chapter e x h i b i t three p r i n c i p a l features : 
( i ) Resonances having l a r e g - s h i f t s , to g-values of 4 or 
greater, which were observed i n a l l of the.kaolinite-group 
minerals and micas and i n the two h e c t o r i t e s , although the 
form of the resonances i n the micas and other minerals 
d i f f e r e d from the lineshape observed i n k a o l i n i t e s . 
The large g - s h i f t s i n d i c a t e the presence of f a i r l y 
strong c r y s t a l f i e l d e f f e c t s producing z e r o - f i e l d s p l i t t i n g s 
of s i g n i f i c a n t magnitude. I n the r e s u l t s discussed i n the 
previous chapter i t was shown th a t s i m i l a r resonances i n 
solvent extracts of b a l l clay and l i g n i t e were a t t r i b u t a b l e 
to high-spin Fe^ "*" ions i n l a t t i c e environments of approximately 
orthorhombic symmetry. A s i m i l a r o r i g i n f o r the resonances 
i n a l u m i n o s i l i c a t e minerals i s therefore strongly i n d i c a t e d . 
These conclusions are consistent v/ith previous studies on the 
ESR spectra of Fe^ "*" i n aluminosilicates reviewed i n Chapter 3. 
A f u l l e r i n t e r p r e t a t i o n of these resonances i s given i n 
Chapter 7 a f t e r the r e s u l t s of the more detailed i n v e s t i g a t i o n 
of the ESR spectra of k a o l i n i t e s are presented i n ^6.4. 
( i i ) Broad resonances centred at g = 2.0, which were observed 
i n a number of clays, predominantly i n micas with a f a i r l y 
high i r o n content, e.g. the b i o t i t e s . These resonances are 
c h a r a c t e r i s t i c of strong superparamagnetic exchange i n t e r a c t i o n s 
occurring between clus t e r s of neighbouring Fe^ "^  ions. I n some 
cases t h e i r high i n t e n s i t y e f f e c t i v e l y masks any weak signals 
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due to i n d i v i d u a l ions i n p a r t i c u l a r environments. The amount 
of information regarding the l o c a t i o n of i r o n i m p u r i t i e s i n 
i r o n - r i c h clays may therefore be quite l i m i t e d . 
( i i i ) The asymmetric double-line signals, which were observed 
i n a l l but one of the kaolinite-group minerals examined, 
and i n the muscovite, the zinnwaldite and the p y r o p h y l l i t e . 
I n the case of the two micas the i n t e n s i t y of t h i s 
resonance was r e l a t i v e l y weak,-and i n addition X-ray d i f f r a c t i o n 
studies revealed the presence of k a o l i n i t e i m p u r i t i e s i n both ' 
samples. In both cases i t was estimated that the i n t e n s i t y of 
the resonance corresponded approximately to that which would 
be expected f o r the concentrations of k a o l i n i t e present. I t i s 
therefore suggested that the l i n e s may be a t t r i b u t e d solely to 
the k a o l i n i t e i m p u r i t i e s , and are not c h a r a c t e r i s t i c of the 
micas themselves. 
Cl e a r l y , i n order to obtain more information regarding 
the species responsible f o r the resonances described here, i n 
terms of t h e i r assignment to p a r t i c u l a r paramagnetic species 
and t h e i r l o c a t i o n w i t h i n the clay mineral str u c t u r e s , f u r t h e r 
experimental studies v/ere necessary. For t h i s reason, a d e t a i l e d 
study of three k a o l i n i t e - c o n t a i n i n g clays v/as carried out. The 
clays were subjected* to a v a r i e t y of physical and chemical 
treatments whose e f f e c t on the ESR spectra were investigated. 
I n a d d i t i o n , f u r t h e r experiments were carried out on 
a number of micas which provided useful information. 
The aims of the i n v e s t i g a t i o n s described v/ere : (a) 
to obtain a more s a t i s f a c t o r y i n t e r p r e t a t i o n of the ESR 
spectra of k a o l i n i t e s than previously a v a i l a b l e , and i n 
p a r t i c u l a r to explain the reasons f o r the v a r i a t i o n s i n the 
ESR spectra of kaolins from d i f f e r i n g locations ; and (b) 
- 136 -
to attempt to explain the reasons f o r the marked differences 
between the ESR spectra of kaolins and micas. The r e s u l t s 
of these studies are presented i n <f 6.4. 
6.4. '.'ore Letailed Study of Electron Spin Resonance i n 
Kao l i n i t e s and Micas 
6,4.1. I n t r o d u c t i o n 
A more detailed i n v e s t i g a t i o n of the ESR spectra of 
k a o l i n i t e s was car r i e d out using three of the samples previously 
described : the Supreme and Georgia k a o l i n i t e s and the EWYA 
(S. Devon) b a l l clay. The choice of these samples was made 
because t h e i r SSR spectra ( F i g . 6.1) e x h i b i t the V e i r i a t i o n s 
t y p i c a l of those observed over the whole range of kaolins 
examined, and moreover that t h e i r compositions are s i g n i f i c a n t l y 
d i f f e r e n t from one another. 
I n t h i s section, the emphasis i s placed upon the 
i n t e r p r e t a t i o n of the ESR spectra of k a o l i n i t e , since some 
success was acheived i n t h i s d i r e c t i o n . I n the case of micas, 
de t a i l e d o r i e n t a t i o n studies performed on s i n g l e - f l a k e samples 
are necessary i n order to s a t i s f a c t o r i l y i n t e r p r e t the complex 
spectra observed. Nevertheless, some inferences may be gained 
from the studies which were c a r r i e d out on the Lee I/.oor 
muscovite, Tregarden b i o t i t e , i l l i t e and single-sheet 
muscovite, which are described i n ^6.4.6. 
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6.4.2. Kaolinite-fcroup LUnerals : General Studies 
7-9 
Previous studies of the ESR spectra of k a o l i n i t e s ^ 
did not take i n t o account the possible e f f e c t of mineralogical 
i m p u r i t i e s , exchangeable cations or p a r t i c l e o r i e n t a t i o n e f f e c t s 
upon the observed spectra, nor could they account f o r the 
marked differences sometimes observed between the ESR 
spectra of k a o l i n i t e s from d i f f e r e n t locations. 
The Supreme and Georgia kaolins and the EWVA b a l l clay -
were subjected to v/ashing with d i l u t e HCl, and t h e i r 
hydrogen-exchange forms prepared by a standard procedure 
described previously by Semmens^^. These treatments caused no 
detectable changes i n the p r i n c i p a l features of the ESR spectra. 
The spectra are not, therefore, a t t r i b u t a b l e to surface-adsorbed 
i m p u r i t i e s or to exchange cations, but most probably to 
paramagnetic species located w i t h i n the alumino s i l i c a t e l a t t i c e 
of k a o l i n i t e , or a l t e r n a t i v e l y associated with some mineralogical 
impurity such as mica. 
Reduction of the mica content of the Supreme k a o l i n i t e 
was c a r r i e d out by a magnetic e x t r a c t i o n technique based on 
that of Maiden and V/indle"^. No major change i n the ESR spectrum 
was observed, apart from a s l i g h t reduction i n the i n t e n s i t y 
of the ce n t r a l peak of resonance B. 
Examination of the ESR spectrum of the r e f i n e d St, A u s t e l l 
k a o l i n i t e prepared by t h i s technique (mica content ^ 2%) 
revealed that although both resonances A and B were s t i l l 
present, nevertheless the r e l a t i v e i n t e n s i t y of resonance B 
i n comparison with resonance A was s i g n i f i c a n t l y lower than 
i n the Supreme k a o l i n i t e (55^ mica). Since resonances i n the 
region of g = 4.2 were obtained i n the majority of the micas, 
as discussed i n the l a s t section, and also i n the magnetic 
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extracts obtained from the Supreme k a o l i n i t e , i t v/as concluded 
t h a t v/hile both resonances A and B are c h a r a c t e r i s t i c of 
paramagnetic centres located w i t h i n the k a o l i n i t e l a t t i c e , 
nevertheless the presence of micaceous i m p u r i t i e s i n k a o l i n i t e 
may influence the i n t e n s i t y (and perhaps also the lineshape) 
of resonance B. due to the superimposition of resonances at 
s i m i l a r magnetic f i e l d s due to paramagnetic i m p u r i t i e s such 
as Fe^ "*" present i n the micas. This was considered to be one 
possible explanation f o r the v a r i a t i o n s between the SSR 
spectra of kaolins of d i f f e r i n g composition. 
This suggestion could be r e a d i l y tested by making 
a r t i f i c i a l mixtures of k a o l i n i t e and mica of various compositions 
This was done by mixing Supreme k a o l i n i t e w i t h powdered 
muscovite obtained by b a l l - m i l l i n g small fragments of the 
s i n g l e - f l a k e muscovite, which was known to e x h i b i t a g = 4.2 
resonance. The ESR spectra ( l o w - f i e l d region) of samples 
containing 0, 10, 20 and 30^ added muscovite are i l l u s t r a t e d 
i n Figs. 6.4a-d r e s p e c t i v e l y . These spectra show a c l e a r l y 
defined trend, the a d d i t i o n of muscovite causing a progressive 
increase i n both the o v e r a l l i n t e n s i t y of resonance B and the 
r e l a t i v e magnitude of the c e n t r a l peak. 
The e f f e c t of mica concentration i s therefore a suit a b l e 
explanation f o r the observed differences between the ESR 
spectra of the Supreme k a o l i n i t e 5/^  mica) and the EWVA 
b a l l clay {'^^^Sfo mica), but cannot account f o r the observed 
lineshape differences between kaolins of low mica content^ 
e.g. between the Georgia k a o l i n i t e {^1% mica) and the Refined 
or Supreme k a o l i n i t e s . Some other e f f e c t was therefore sought 
i n order to explain t h i s d i f f e r e n c e . 
The two p r i n c i p a l groups of l i n e s i n the ESR spectra 
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RESONANCE 
Fig. 6.4. ESR spectra of k a o l i n i t e - muscovite mixtures. 
(a) 0?i) muscovite ; (b; lOJfe ; (c) 20% ; (d) 30%, 
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of k a o l i n i t e s (resonances A and B) were also considered 
separately i n more d e t a i l . The studies carried out are 
discussed i n the next two sections. 
6.4.3. Resonances at g = 2.0 i n K a o l i n i t e 
Fig. 6.5a i l l u s t r a t e s the resonance at g = 2.0 (A) 
i n Supreme k a o l i n i t e recorded on an expanded h o r i z o n t a l 
scale. The observed lineshape i s c h a r a c t e r i s t i c of a 
paramagnetic system occupying an environment of approximately 
a x i a l symmetry i n a p o l y c r y s t a l l i n e sample^ \ From the spectrum, 
the p r i n c i p a l values of the g-tensor were found to be 
g'^^ = 2.049 i- 0.001 and g^ = 2.003 ± 0.001, 
and the s i n g l e - c r y s t a l l i n e w i d t h approximately 10 gauss. The 
i n t e n s i t y of the resonance, calculated by a numerical double 
12 
i n t e g r a t i o n technique u t i l i z i n g a standard coal sample of 
known spin concentration^^ gave an approximate value of 3.2 
18 
x 10 spins/gram. Because of the anisotropic character of 
the resonance, t h i s f i g u r e i s probably subject to some e r r o r . 
Nevertheless, i t may be regarded as a reasonable estimate of 
the approximate order of magnitude of the concentration of 
paramagnetic centres c o n t r i b u t i n g to the s i g n a l . 
From the p o s i t i o n of the resonance, i t s ease of detection 
at 295°K, and the absence of any hyperfine s t r u c t u r e , one may 
r u l e out i t s assignment to most common t r a n s i t i o n ions w i t h 
the exception of i r o n and n i c k e l . The existence of trapped 
defect centres i n the a l u m i n o s i l i c a t e l a t t i c e , such as hole 
or electron centres, might provide an a l t e r n a t i v e explsination. 
Examination of the resonance at 77°K showed not only 
an increase i n s e n s i t i v i t y consistent with t h a t expected from 
the Curie Law, but also revealed the existence of a number of 
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Fig. 6.t). ESR spectra of 'Supreme' St. A u s t e l l k a o l i n i t e i n 
the region of g = 2 . 0 . (a) Recordea at i!95°K ; 
("bj recorded at 77°K. 
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subsidiary l i n e s , both between the main peaks of resonance A 
and also on the h i g h - f i e l d t a i l of the resonance (Fig.6.5b). 
These l i n e s are j u s t observable at room temperature. This 
e f f e c t was common to a l l three clays. 
The e f f e c t of heat on the spectra was investigated by 
heating the clays at 200°C f o r 24 hours or at 300°C f o r 2 
hours i n a i r . Both treatments were found to remove the subsidiary 
l i n e s from a l l three clays, but caused no change i n the main 
asymmetric resonance (A). I t was found that the threshold 
temperature f o r removal of the l i n e s was approximately 200*^ C, 
much higher temperatures being necessary before any change i n 
the main resonance occurred, as wiLll be, shown subsequently. 
The subsidiary l i n e s were therefore considered to be independent 
of the main resonance, probably a r i s i n g from a d i f f e r e n t 
paramagnetic species g i v i n g a superimposed spectrum. 
I t was considered possible that e i t h e r the main resonance, 
or the subsidiary l i n e s , or both, might be a t t r i b u t a b l e to the 
presence of point defects such as trapped hole or electron 
centres. I n order to i n v e s t i g a t e t h i s p o s s i b i l i t y , samples of 
a l l three clays were i r r a d i a t e d f o r varying periods of time 
with 40 kV X-rays and t h e i r ESR spectra subsequently examined. 
In each case s i g n i f i c a n t changes i n the spectra were observed, 
even f o r i r r a d i a t i o n times only of the order of 1-2 hours. 
Fig. 6.6a i l l u s t r a t e s the g = 2 region of the spectrum of 
Supreme k a o l i n i t e i r r a d i a t e d f o r 72 hours. The exposure was 
calculated to be approximately 2.9 IVIR. 
I t can be seen that a f a i r l y intense resonance has been 
induced i n the i r r a d i a t e d clay which i s superimposed on resonance 
A. There i s some i n d i c a t i o n of a m u l t i - l i n e hyperfine s t r u c t u r e 
which corresponds approximately i n p o s i t i o n to the subsidiary 
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Pig. 6,6. E.S.R. spectra of 'Supreme' k a o l i n i t e , unheated, 
(g = 2.0 re g i o n ) , (a) X-i r r a d i a t e d f o r 72 hours ; 
(b) i r r a d i a t e d samjjle a f t e r annealling f o r 2 hours 
at 200°C. 
- 144 -
l i n e s present i n the clays p r i o r t o i r r a d i a t i o n . No changes 
i n the l o v ; - f i e l d r e g i o n s o f the spect r a were observed i n 
any of the three samples i r r a d i a t e d . 
I t was f u r t h e r found t h a t the induced spectrum could be 
annealed by h e a t i n g i n a i r f o r 2 hours a t 200°C, the o r i g i n a l 
l i n e s h a p e and i n t e n s i t y of resonance A being r e s t o r e d . ( F i g . 6 . 6 b ) 
The r a d i a t i o n - i n d u c e d spectrum resembles resonances 
p r e v i o u s l y observed i n i r r a d i a t e d q u a r t z ^ a n d a l u m i n o s i l i c a t e 
glasses^ ^  and i n a range of n a t u r a l and i r r a d i a t e d minerals^,^ 
and may be a t t r i b u t e d t o the presence of trapped hole c e n t r e s . 
The weak h y p e r f i n e s t r u c t u r e may be a t t r i b u t e d t o the i n t e r a c t i o n 
of the unpaired e l e c t r o n w i t h a nucleus of non-zero s p i n . The 
s e p a r a t i o n of the h y p e r f i n e l i n e s i n the i r r a d i a t e d and 
u n i r r a d i a t e d c l a y s i s s i m i l a r , having a value of 7.7 i 0.2 
14 1 ^  
gauss, which i s i n f a i r agreement w i t h values p r e v i o u s l y found ' ' 
27 
f o r d e f e c t centres i n which the spins i n t e r a c t w i t h 'Al 
n u c l e i ( I = 5 / 2 ) . 
Since resonance A of k a o l i n i t e may i t s e l f be removed.by . 
h e a t i n g t o temperatures of 400^C and above, the e f f e c t of 
i r r a d i a t i n g c l a y s i n which the o r i g i n a l resonance had been 
removed i n t h i s way was s t u d i e d by i r r a d i a t i n g pre-heated 
k a o l i n i t e s . F i g . 6.7 i l l u s t r a t e s the spectrum of a sample of 
Supreme k a o l i n i t e which had been pre-heated to 400°C f o r 24 
hours and then i r r a d i a t e d f o r 72 hours v/ith X-rays. A s i m i l a r 
spectrum i s o b t a i n e d t o t h a t i l l u s t r a t e d i n F i g . 6.6a, except 
t h a t the superimposed resonance A i s now absent and the h y p e r f i n e 
components are s l i g h t l y more w e l l - d e f i n e d . From t h i s spectrum 
the l i n e w i d t h of the induced resonance was measured as 60 5 
gauss, and the g-value was found t o be 2.021 1 0.004. 
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F i g . 6.7. ."^ .S.R. spectrum (g = 2.0 r e s i o n ) of 'Supreme* 
k a o l i n i t e heated f o r 24 hours a t 400^0 and then 
X - i r r a d i a t e d f o r 72 hours. 
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The p o s i t i v e g - s h i f t i n d i c a t e s t h a t the spectrum i s most 
probably due t o a trapped hole c e n t r e ^ ^ . 
A p o s s i b l e o r i g i n o f hole centres i n k a o l i n i t e i s 
o u t l i n e d i n Chapter 7. However, t h r e e immediate conclusions 
may- be made : 
( i ) Resonances c h a r a c t e r i s t i c o f trapped d e f e c t centres 
may be r e v e r s i b l y created and destroyed i n k a o l i n i t e by 
i r r a d i a t i o n and ann e a l i n g ; 
( i i ) The resonances induced by i r r a d i a t i o n appear t o be 
independent of resonance A of k a o l i n i t e , since the l a t t e r 
i s u n a f f e c t e d by i r r a d i a t i o n and also o f g r e a t e r thermal 
s t a b i l i t y . 
( i i i ) The close correspondence between the h y p e r f i n e 
s t r u c t u r e observed on the i r r a d i a t i o n - i n d u c e d spectrum and 
the weak s u b s i d i a r y l i n e s present i n the u n i r r a d i a t e d c l a y s . 
i n d i c a t e s the p o s s i b l e presence of small c o n c e n t r a t i o n s o f 
d e f e c t centres i n the n a t u r a l c l a y s . 
I n order t o f u l l y i n v e s t i g a t e the nature of resonance A, 
the u t i l i z a t i o n of k a o l i n i t e s i n g l e c r y s t a l s l a r g e enough f o r 
d e t a i l e d angular dependence s t u d i e s v;ould have been advantageous 
U n f o r t u n a t e l y no such samples were a v a i l a b l e . I t was found 
p o s s i b l e , however, t o i n v e s t i g a t e some of- the e f f e c t s o f 
p a r t i c l e o r i e n t a t i o n on the spectra by making use o f t h e 
p l a t y morphology o f the k a o l i n i t e p a r t i c l e s , and the ease 
w i t h v/hich they adopt p r e f e r e n t i a l o r i e n t a t i o n . 
Samples of Supreme k a o l i n i t e were pressed i n t o d i s c s 
u s i n g a h y d r a u l i c press. I n t h i s manner, a f a i r l y h i g h degree 
of p r e f e r e n t i a l o r i e n t a t i o n was o b t a i n e d , w i t h the basal planes 
o f the p a r t i c l e s predominantly i n or near t o the plane o f the 
d i s c s . The ESR sp e c t r a of the d i s c s were then recorded w i t h 
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the d i s c s p o s i t i o n e d i n the ESR sample tube i n such a manner 
t h a t the a p p l i e d magnetic f i e l d d i r e c t i o n l a y e i t h e r p a r a l l e l 
or p e r p e n d i c u l a r t o the d i s c plane (corresponding t o the 
alignment of the f i e l d e i t h e r approximately p e r p e n d i c u l a r or 
approximately p a r a l l e l t o the c-axis of the m a j o r i t y o f 
the p a r t i c l e s ) . The g = 2 r e g i o n of the ESR s p e c t r a of a 
t y p i c a l d i s c f o r these o r i e n t a t i o n s i s i l l u s t r a t e d i n F i g 6.8. 
The s p e c t r a c l e a r l y i n d i c a t e an o r i e n t a t i o n dependence 
of the resonance, the enhancement of each of the component 
l i n e s of resonance A o c c u r r i n g s e p a r a t e l y . The l i n e a t the 
lower f i e l d value (corresponding t o g^^ ) being enhanced 
v/ith the f i e l d approximately p a r a l l e l t o the c - a x i s , and 
the l i n e a t the h i g h e r f i e l d value (corresponding t o g ^ ) 
being enhanced when the f i e l d i s approximately p e r p e n d i c u l a r 
t o the c - a x i s . I n a d d i t i o n , i t i s noteworthy t h a t the h y p e r f i n e 
components of the weak s u b s i d i a r y resonance are markedly 
enhanced w i t h the f i e l d approximately along the c-axis 
( F i g . 6.8a). 
S i m i l a r r e s u l t s were a l s o obtained f o r k a o l i n i t e s i n 
which p r e f e r e n t i a l o r i e n t a t i o n was o b t a i n e d by forming a f i l m 
by e v a p o r a t i o n of an aqueous suspension, and also by v a r y i n g 
the o r i e n t a t i o n of the n a t u r a l l y o r i e n t a t e d k a o l ' i n i t e stack 
from Colombia, S. America. 
These r e s u l t s support the assignment of resonance A 
t o a paramagnetic system occupying an approximately a x i a l l y 
symmetric environment w i t h i n the k a o l i n i t e l a t t i c e , and 
moreover i n d i c a t e t h a t the a x i s of symmetry o f the centre 
must l i e close t o the k a o l i n i t e c - a x i s . The i m p l i c a t i o n o f 
these r e s u l t s w i l l be discussed l a t e r . 
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i?'ig. 6.8. ESR sp e c t r a of pressed d i s c of 'Supreme' k a o l i n i t e , 
r e g i o n of g = 2.0. (a) H pe r p e n d i c u l a r t o di s c 
plane ; (b) H p a r a l l e l t o di s c plane. 
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the s p e c t r a of k a o l i n i t e s i n the r e g i o n of g = 2 may be 
produced by i r r a d i a t i o n , annealing and v a r y i n g the o r i e n t a t i o n 
of the p a r t i c l e s w i t h r e s p e c t t o the a p p l i e d magnetic f i e l d . 
V/ashing w i t h d i l u t e acids and p r e p a r a t i o n of the hydrogen 
exchange forms of the c l a y s has been shoivn t o have no e f f e c t 
on the s p e c t r a . I t was f e l t t h a t a d d i t i o n a l i n f o r m a t i o n might 
be gained by a t t a c k i n g the k a o l i n i t e l a t t i c e d i r e c t l y by 
chemical means. 
I t i s w e l l knov/n t h a t a c i d f l u o r i d e s o l u t i o n s can 
d i s r u p t a l u m i n o s i l i c a t e l a t t i c e s . T o i n v e s t i g a t e the 
e f f e c t of such a treatment on the ESR spectum of k a o l i n i t e , 
two of the cl a y s (Supreme and EWVA) were t r e a t e d f o r 18 hours 
a t room temperature w i t h a s o l u t i o n of ammonium hydrogen 
f l u o r i d e . ( N H ^ H F ^ ) . 
The ESR s p e c t r a of the t r e a t e d c l a y s d i f f e r e d markedly 
from those o f the u n t r e a t e d c l a y s . I n both f l u o r i d e - t r e a t e d 
c l a y s an i n t e n s e , i s o t r o p i c resonance centred a t g = 2 
was observed. This resonance had l i n e w i d t h approximately 
70 gauss, w i t h 7 h y p e r f i n e components having an approximately 
symmetrical i n t e n s i t y d i s t r i b u t i o n . The h y p e r f i n e s p l i t t i n g 
parameter was found t o be 22.5 — 0.1 gauss. The spectrum 
o f the f l u o r i d e - t r e a t e d Supreme k a o l i n i t e (g = 2 r e g i o n ) 
i s i l l u s t r a t e d i n F i g 6.9. 
Some changes also occurred i n the l o v / - f i e l d r e g i o n 
o f the s p e c t r a a f t e r f l u o r i d e t r e a t m e n t , though these were 
no t as marked. The e f f e c t on the l o w - f i e l d resonances w i l l 
be discussed i n § 6,4.4. 
The X-ray d i f f r a c t o g r a m s of both clays showed a marked 
r e d u c t i o n i n the i n t e n s i t y of the k a o l i n i t e r e f l e c t i o n s . 
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F i g . 6,9. E.S.R. spectrum (g = 2 r e g i o n ) of 'Supreme' 
k a o l i n i t e a f t e r t r e a t m e n t w i t h NH^.HFg. 
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A d d i t i o n a l r e f l e c t i o n s were also observed i n both cases 
v;hich could be assigned t o the presence of ammonium f l u o a l u m i n a t e 
( (NH^)^AIF^) (from ASTM card No. 3-0122). I n Table 6.2, the 
comparison between e i g h t bands observed i n the d i f f r a c t o g r a m 
of the t r e a t e d Supreme k a o l i n i t e and those of ammonium 
f l u o a l u m i n a t e are l i s t e d . 
Table 6.2. Comparison of observed X-ray r e f l e c t i o n s 
of NH^HFQ t r e a t e d Supreme k a o l i n i t e w i t h those o f 








1.72 1 .71 
1.58 1.58 
1.41 1.41 
These r e s u l t s w i l l be discussed and i n t e r p r e t e d i n 
Chapter 7. 
I n summary, the experiments so f a r described have shown 
t h a t the ESR spectrum of k a o l i n i t e i n the r e g i o n of g = 2.0 
c o n s i s t s of two superimposed f e a t u r e s . The main resonance 
(resonance A) i s c h a r a c t e r i s t i c o f a species occupying an 
a x i a l l y symmetric environment i n a powder sample. The symmetry 
a x i s o f the c e n t r e has been shown t o l i e close t o the c-axis 
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of the k a o l i n i t e s t r u c t u r e . I n a d d i t i o n , t h e r e e x i s t s a 
weaker resonance a t g = 2.0, possessing a m u l t i - l i n e h y p e r f i n e 
s t r u c t u r e , which may be c o n s i d e r a b l y enhanced by X - i r r a d i a t i o n 
o f e i t h e r unheated or pre-heated c l a y s , and removed by a n n e a l i n g 
a t r e l a t i v e l y low temperatures (200*^C or h i g h e r ) . 
S i g n i f i c a n t chamges i n the n a t u r e of the spectrum i n 
the g = 2 r e g i o n were observed f o r two k a o l i n i t e - c o n t a i n i n g 
c l a y s t r e a t e d w i t h ammonium hydrogen f l u o r i d e , t o g e t h e r w i t h 
the f o r m a t i o n of ammonium f l u o a l u m i n a t e . 
I n the next s e c t i o n , the e f f e c t of analogous experiments 
on the l o w - f i e l d resonances of k a o l i n i t e s are d e scribed. 
6.4.4. Resonances a t Low F i e l d s (^ = 4 re.^ion) i n K a o l i n i t e 
I t has been shown al r e a d y t h a t the lineshape of the 
l o w - f i e l d resonance of k a o l i n i t e (resonance B) i s i n f l u e n c e d 
by the presence of micas or o t h e r i m p u r i t i e s which may c o n t r i b u t e 
o v e r l a p p i n g resonances t o the spectrum. The e f f e c t of such 
i m p u r i t i e s i n c l u d e s the enhancement of the r e l a t i v e amplitude 
o f the c e n t r a l peak i n t h i s r e g i o n ( a t approximately g = 4.2), 
S i m i l a r v a r i a t i o n s were observed, however, i n cases v;here 
the' e f f e c t o f micas or s i t n i l a r i m p u r i t i e s could be r u l e d o u t , 
e.g. the d i f f e r e n c e s between the s p e c t r a o f the Georgia and 
Supreme k a o l i n i t e s , which cannot be explained on t h i s basiSo 
Furthermore, the g - v a l u o L i c a l c u l a t e d f o r the t h r e e 
r e s o l v e d peaks do not c o r r e l a t e w e l l w i t h any of the sets o f 
values p r e d i c t e d f o r a h i g h - s p i n Fe^'*"ion i n any low symmetry 
environment c a l c u l a t e d e i t h e r by the method o f Wickman and 
coworkers^'^ or t h a t of Dowsing and Gibson^^, as described i n 
Appendix I . These l i n e s were assigned by Boesman and Schoemaker 
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t o the t h r e e components o f the g-tensor belonging t o a 
s i n g l e paramagnetic species i n ?.n environment of approximately 
19 
orthorhombic symmetry i n a powder sample ^ on the basis o f 
20 
a p e r t u r b a t i o n c a l c u l a t i o n o u t l i n e d by Castner and coworkers , 
A c l o s e r examination o f t h e i r data, however, shows t h e i r 
p e r t u r b a t i o n method t o be i n v a l i d , as discussed i n Chapter 
7. I t i s u n l i k e l y t h a t these l i n e s could a r i s e from a s i n g l e 
Fe^"^ c e n t r e t o give the p r i n c i p a l g-values observed i n 
the k a o l i n i t e spectrum. However, f o r environments o f c e r t a i n 
1 7 
symmetry, the r e s u l t s of Wickman and coworkers ' and Dowsing 
1 R 
and Gibson c l e a r l y i n d i c a t e t h a t two of the three p r i n c i p a l 
g-values f o r the t r a n s i t i o n between the l e v e l s of the c e n t r a l 
Kramers doublet of the Fe^ "*" i o n may l i e close t o g e t h e r , and 
perhaps might not be r e s o l v e d i n a powder spectrum. 
The l o v / - f i e l d r e g i o n of t h e spectrum o f k a o l i n i t e was 
t h e r e f o r e examined i n g r e a t e r d e t a i l . By r e c o r d i n g the spectrum 
of Supreme k a o l i n i t e on an expanded h o r i z o n t a l scale a t 77°K 
i t was found t h a t a f o u r t h l i n e could be r e s o l v e d i n t h i s 
r e g i o n ( F i g . 6 . 1 0 a ) . 
I t i s t h e r e f o r e p o s t u l a t e d t h a t the l o w - f i e l d spectrum 
of k a o l i n i t e may be i n t e r p r e t e d as the s u p e r i m p o s i t i o n o f 
resonances a r i s i n g from two d i s t i n c t paramagnetic c e n t r e s , 
p o s s i b l y h i g h - s p i n Fe'"*" ions occupying two d i f f e r e n t environments 
w i t h i n the k a o l i n i t e s t r u c t u r e . One o f these centres i s 
b e l i e v e d t o give r i s e t o a s i n g l e , i s o t r o p i c l i n e a t g = 
4.2, and the o t h e r t o a t h r e e - l i n e spectrum having p r i n c i p a l 
g-values ( g ^ , and g^ .) and lineshape corresponding t o t h a t 
which i s expected f o r an i o n i n an environment of approximately 
orthorhombic symmetry i n a powder^^. Both o f these centres 
correspond t o orthorhombic symmetry, but the s i n g l e l i n e 
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F i g . 6,10. ESR s p e c t r a o f 'Supreme* k a o l i n i t e , l o w - f i e l d 
r e g i o n , (a) Bulk sample a t 77°K ; ( b j Pressed 
d i s c , H p e r p e n d i c u l a r t o d i s c plane ; (c) Pressed 
d i s c , H p a r a l l e l t o d i s c plane. 
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t o t h a t observed f o r Fe^"^ r e p l a c i n g Si^"*" i n s i l i c a t e glasses^^. 
With t h i s assumption, one may estimate from the spectrum t h a t 
the g-values f o r the f o u r l i n e s are approximately 4 . 9 , 4 . 2 , 
3.7 and 3 . 5 . 
This assignment i s f u r t h e r supported by the e f f e c t o f 
p r e f e r r e d p a r t i c l e o r i e n t a t i o n on the s p e c t r a , i n v e s t i g a t e d 
i n the manner described i n ^ 6 . 4 . 3 . I t was found t h a t f o r 
the k a o l i n i t e pressed d i s c s the i n t e n s i t y and p o s i t i o n o f t h e 
g = 4.2 l i n e remained c o n s t a n t , as f a r as could be determined, 
w h i l e s i g n i f i c a n t changes occurred i n the i n t e n s i t y of the 
o t h e r l i n e s , c o n s i s t e n t w i t h the assumption of a n i s o t r o p i c 
c h a r a c t e r . This i s p r e c i s e l y the behaviour v/hich one would 
expect f o r the p o s t u l a t e d system of two o v e r l a p p i n g resonances. 
F i g s , 6.10b and 6.10c i l l u s t r a t e the ( l o w - f i e l d ) spectrum 
o f Supreme k a o l i n i t e w i t h the a p p l i e d magnetic f i e l d r e s p e c t i v e l y 
p e r p e n d i c u l a r and p a r a l l e l t o the d i s c plane. 
To summarize, the author was l e d by these r e s u l t s , and 
f u r t h e r c o n s i d e r a t i o n s discussed i n Chapter 7,. t o t e n t a t i v e l y 
propose the existence o f two d i s t i n c t paramagnetic centres : 
Centre I : A system e x h i b i t i n g an a n i s o t r o p i c resonance w i t h 
p r i n c i p a l g-values 4 . 9 , 3.7 and 3.5 ; 
Centre I I : A system e x h i b i t i n g an approximately i s o t r o p i c 
resonance a t g = 4 . 2 . 
V a r i a t i o n s i n the r e l a t i v e c o n c e n t r a t i o n s of these two 
cen t r e s i n d i f f e r e n t k a o l i n i t e s would then account f o r any 
d i f f e r e n c e s i n lineshape which cannot be a t t r i b u t e d t o the 
e f f e c t of paramagnetic species i n micas or oth e r i m p u r i t i e s . 
The i n t e r p r e t a t i o n o f these r e s u l t s i s discussed i n Chapter 7. 
X - i r r a d i a t i o n of the Supreme and Georgia k a o l i n i t e s and 
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the EV/VA b a l l c l a y , c a r r i e d out i n the manner described i n 
^6.4.3, f a i l e d t o produce any changes i n the i n t e n s i t y or 
lineshape o f the l o w - f i e l d resonances. 
However, treatment of the c l a y s w i t h ammonium hydrogen 
f l u o r i d e caused d e t e c t a b l e m o d i f i c a t i o n s of the l o w - f i e l d 
s p e c t r a . Fig.6.11 i l l u s t r a t e s the l o w - f i e l d r e g i o n of the 
spectrum of Supreme k a o l i n i t e before and a f t e r t h i s t r e a t m e n t . 
The s p e c t r a shov/ a c l e a r r e d u c t i o n i n the o v e r a l l i n t e n s i t y 
of the l i n e s i n the t r e a t e d sample, but i n p a r t i c u l a r the 
o u t e r l i n e s i n the g = 4 r e g i o n , corresponding t o 'Centre I ' 
have been reduced i n i n t e n s i t y i n comparison w i t h the s i n g l e 
g = 4.2 l i n e and the l i n e a t g = 8.8. This r e l a t i v e enhancement 
of the l a t t e r l i n e s i s a d d i t i o n a l evidence f o r the e x i s t e n c e 
o f more than one paramagnetic system g i v i n g resonances i n 
t h i s r e g i o n . 
F u r t h e r evidence f o r the existence of two d i s t i n c t 
c e n t r e s was obtained from s t u d i e s o f the e f f e c t of h e a t -
treatment on the ESR spectrum of k a o l i n i t e ( d escribed i n 
.96.4.5) and also from a .spectrum of Supreme k a o l i n i t e 
recorded a t Q-band (35 GHz) by courtesy of Decca Radar L t d . 
The spectrum i s i l l u s t r a t e d i n Fig.6.12. U n f o r t u n a t e l y , 
no accurate magnetic f i e l d c a l i b r a t i o n was a v a i l a b l e t o the 
a u t h o r , but a q u a l i t a t i v e examination of the spectrum c l e a r l y 
r e v e a l s t h a t the g = 4 and g = 2 regions o f the spectrum are 
q u i t e d i f f e r e n t from the corresponding regions of the X-band 
spectrum. Only a s i n g l e l i n e , w i t h a small shoulder, i s 
observed a t g = 4, whereas a number o f a d d i t i o n a l l i n e s 
occur a t h i g h e r f i e l d values on e i t h e r side of g = 2.0. 
These r e s u l t s are i n t e r p r e t e d i n Chapter 7 by means of the 
exact computational s o l u t i o n s of the second-order s p i n 
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F i g . 6 . 1 1 . ESR s p e c t r a ( l o w - f i e l d r e g i o n ) of 'Supreme' 
k a o l i n i t e (a) u n t r e a t e d ; ^b) t r e a t e d w i t h 
NH^.HF2 » 
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F i g . 6.12, Q-band E.S.R. spectru^i of 'Supreme' k a o l i n i t e ^ 
recorded a t room temperature. 
- 159 -
Ha m i l t o n i a n a p p r o p r i a t e f o r d^ ions by the method o f Dowsing 
and Gibson. The c a l c u l a t i o n s used i n the a n a l y s i s were performed 
u s i n g the computer programme ESRS su p p l i e d by the courtesy o f 
Dr. R. D, Dowsing who developed i t . The p r i n c i p l e s of t h e 
method are described i n Appendix 1. 
6,4.5. E f f e c t o f Heat Treatment upon the ESR Spectrum o f 
K a o l i n i t e 
The Supreme k a o l i n i t e was s e l e c t e d f o r d e t a i l e d study 
of the e f f e c t of heat treatment and thermal phase changes on 
i t s ESR spectrum. Q u a l i t a t i v e l y s i m i l a r r e s u l t s were o b t a i n e d 
from experiments performed on a number o f . o t h e r k a o l i n i t e s , 
though the temperatures a t v/hich the s p e c t r a l changes descr i b e d 
here occurred were not p r e c i s e l y the same. C l e a r l y the r e s u l t s 
may be m o d i f i e d t o some e x t e n t by the composition or c r y s t a l l i n i t y 
o f the sample employed, but the r e s u l t s presented here are 
b e l i e v e d t o be t y p i c a l of the changes i n the ESR s p e c t r a which 
accompany the phase t r a n s f o r m a t i o n s which occur on h e a t i n g 
k a o l i n m i n e r a l s , . 
Samples of Supreme k a o l i n i t e , which had been p r e v i o u s l y 
d r i e d i n a d e s s i c a t o r over '^2^^* v/ere heated i n a i r f o r 24 
hours a t v a r i o u s temperatures up t o 1300*^C. I n each case t h e 
weight losses which occurred were recorded. The ESR and i n f r a r e d 
s p e c t r a of the samples, and X-ray powder d i f f r a c t o g r a m s , were 
recorded u s i n g the methods described p r e v i o u s l y . Table 6,3 
l i s t s the percentage weight losses of each sample and the 
m i n e r a l species i d e n t i f i e d from the X-ray d i f f r a c t o g r a m a , 
Marked changes i n the ESR s p e c t r a occurred on h e a t i n g , 
which are c o n v e n i e n t l y d i v i d e d i n t o t h r e e stages : ( i ) Pre-
d e h y d r o x y l a t i o n r e g i o n ; ( i i ) D e hydroxylation ( m e t a k a o l i n ) 
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r e g i o n ; ( i i i ) High temperature r e g i o n 
Table 6.3. Weight losses (%) and m i n e r a l o g i c a l n a t u r e 
of Sunreme k a o l i n l t e sarr:ples heated i n a i r 
f o r 2^ hours a t v a r i o u s tetntteratures. 





















k a o l i n i t e 
k a o l i n i t e 
k a o l i n i t e 
amorphous (m e t a k a o l i n ) 
X-alumina ( o r s p i n e l ) , m u l l i t e 
m u l l i t e 
m u l l i t e , c r i s t o b a l i t e 
( i ) P r e - d e h v d r o x y l a t i o n r e g i o n . The c h a r a c t e r i s t i c room-
temperature spectrum o f 'Supreme k a o l i n i t e i s preserved up t o 
pre - h e a t i n . t e m p e r a t u r e s o f 300°C, except f o r the removal o f 
the weak l i n e s between the peaks of the main g = 2.0 resonance 
( A ) , p r e v i o u s l y r e f e r r e d t o in. ^ 6,4.3 and a t t r i b u t e d t o 
an n e a l i n g o f the resonance a s s o c i a t e d w i t h a trapped h o l e 
c e n t r e . 
Hov/ever i n t h e sample heated t o 300^0 t h e i n t e n s i t y o f 
resonance A i s reduced t o about 86^ of i t s o r i g i n a l v a l u e . 
V/hether or not t h i s r e d u c t i o n i s s o l e l y a t t r i b u t a b l e t o the 
removal o f the superimposed d e f e c t centre spectrum i s not 
det e r m i n a b l e . 
The spectrum o f the sample heated t o 400°C e x h i b i t e d 
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marked d i f f e r e n c e s from t h e room-tenperature spectrum, a l t h o u g h 
the X-ray d i f f r a c t o g r a m i s unchanged, showing the sample t o be 
s t i l l predominantly k a o l i n i t e . The i n t e n s i t y of resonance A 
f e l l t o about 20^ o f i t s o r i g i n a l v a l u e , v/hile. the l i n e s h a p e 
o f t h e l o w - f i e l d f e a t u r e s changed, the s i n g l e g = 4.2 l i n e 
i n c r e a s i n g markedly i n i n t e n s i t y compared t o the o t h e r low-
f i e l d l i n e s . 
F i g . 6.13 i l l u s t r a t e s the g = 4 and g = 2 r e g i o n s o f 
t h e s p e c t r a o f samples heated a t 300, 400 and 500^0, showing 
the changes i n the s p e c t r a described above, 
( i i ) D e hydroxylation ( m e t a k a o l i n ) r e g i o n 
For the samples heated f o r 24 hours a t temperatures 
between 500°C and 850°C, the X-ray d i f f r a c t o g r a m s e x h i b i t e d 
o n l y t h e broad, d i f f u s e band c h a r a c t e r i s t i c o f the d i s o r d e r e d 
m e t a k a o l i n s t r u c t u r e . 
The ESR s p e c t r a of a l l the samples heated w i t h i n t h i s 
range o f temperatures were v i r t u a l l y i d e n t i c a l ; i n a l l 
cases, resonace A was completely e l i m i n a t e d (except f o r a 
s m a l l r e s i d u a l s i g n a l i n the sample heated at 500*^C), and 
resonance B c o l l a p s e d t o a s i n g l e l i n e a t g = 4.2 of w i d t h 
4 5 — 5 gauss. This l i n e i s asymmetric, having asymmetry 
r a t i o about 2 : 1 , and possesses a l o n g t a i l on i t s l o w - f i e l d 
s i d e . I t i s v i r t u a l l y i d e n t i c a l t o the ESR spectra o f s i l i c a t e 
glasses c o n t a i n i n g Fe^ "*", i n which i t has been a t t r i b u t e d t o 
Fe^ "*" r e p l a c i n g Si"^* i n d i s t o r t e d t e t r a h e d r a l s i t e s ^ ^ . 
( i i i ) High temperature r e g i o n 
No f u r t h e r changes i n t h e ESR s p e c t r a occurred w i t h 
i n c r e a s i n g temperature of heat treatment u n t i l a h e a t i n g 








zo'c 30cPc 4ocfc socfc 
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F i g . 6.13. ESR sp e c t r a (.regions o f g = 4 and g = 2) o f 
heated 'Supreme' k a o l i n i t e : (a) 24 h r s . a t 300°C ; 
(b) 24 h r s . a t 400°C ; {c) 24 h r s . a t 500°C . 
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from t h a t of t h e n e t a k a o l i n phase, the g = 4-.2 resonance 
more than d o u b l i n g i n w i d t h , t o a value o f 90 T 5 gauss, 
t o g e t h e r w i t h a r e d u c t i o n i n i t s peak-to-peak h e i g h t . The 
spectrum i s i l l u s t r a t e d i n F i g . 6.14. S i m i l a r broad g = 4*2 
resonances were observed i n the samples heated a t 1150°C and 
1300°C, The temperature a t v/hich the change t o the broad 
s i g n a l occurs corresponds c l o s e l y t o the onset of c r y s t a l l i z a t i o n 
o f the h i g h e r temperature phases o f k a o l i n i t e . The X-ray 
d i f f r a c t o g r a m o f the sample heated a t 1000*^0 e x h i b i t s a 
number of v/eak r e f l e c t i o n s c h a r a c t e r i s t i c of /-alumina ( o r 
A l - S i s p i n e l ) and m u l l i t e . The i n t e r p r e t a t i o n of these r e s u l t s 
i s discussed i n Chapter ?• 
6.4»6. F u r t h e r Study of E l e c t r o n S^in Resonance i n Micas 
The ESR s p e c t r a o f most o f the micas examined i n t h i s 
work e x h i b i t e d a resonance a t about g = 4.2 of w i d t h about 
150 gauss, f r e q u e n t l y having one or two shoulders on i t s 
l o w - f i e l d s i d e . This resonance d i f f e r s i n form from the 
l o w - f i e l d resonances i n k a o l i n i t e s . The ESR s p e c t r a of micas 
and k a o l i n i t e s a l s o d i f f e r i n t h a t no s i g n a l a t g = 2.0 
resembling resonance A o f k a o l i n i t e was found i n any mica 
spectrum, except f o r weak l i n e s i n two micas which could be 
a t t r i b u t e d t o k a o l i n i t e i m p u r i t i e s . However, many, micas were 
found t o e x h i b i t broad resonances centred a t g = 2.0. 
I n an attempt t o account f o r the observed d i f f e r e n c e s 
between the s p e c t r a of k a o l i n i t e s and micas, and t o o b t a i n 
f u r t h e r data r e g a r d i n g the l a t t e r , a number o f a d d i t i o n a l 
experiments were c a r r i e d out on micas which are described i n 
t h i s s e c t i o n . The u n a v a i l a b i l i t y o f a Q-band spectrometer 
precluded a d e t a i l e d i n t e r p r e t a t i o n of the ESR s p e c t r a o f 
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a mica s i n g l e c r y s t a l . Nevertheless i t i s considered t h a t the 
experiments described here provided r e s u l t s which were o f some 
value i n c o n t r i b u t i n g t o an understanding of the na t u r e o f 
the ESR s p e c t r a o f cl a y m i n e r a l s . 
The ESR spectrum o f a muscovite s i n g l e f l a k e was recorded 
a t room temperature f o r v a r i o u s o r i e n t a t i o n s of the f l a k e w i t h 
r e s p e c t t o the a p p l i e d magnetic f i e l d . The sample used v/as a 
small f l a k e mounted on a goniometer w i t h i n the ESR sample 
tube. The s i n g l e - f l a k e s p e c t r a thus obtained v/ere compared 
w i t h the 'powder* spectrum obtained f o r a sample o f the same 
muscovite which had been b a l l - m i l l e d t o a f i n e powder. 
I t was found t h a t the spectrum of the powdered muscovite 
e x h i b i t e d a resonance a t g = 4.2 c o n s i s t i n g of a s i n g l e l i n e 
a t g = 4.2 w i t h some s t r u c t u r e on i t s l o w - f i e l d s i d e , thus 
c l o s e l y resembling s i m i l a r l i n e s found i n the spectra o f t h e 
Lee Moor muscovite and s e v e r a l of the other p o l y c r y s t a l l i n e 
micas. The s p e c t r a o f the s i n g l e - f l a k e muscovite, hov/ever, 
v/ere q u i t e complex and e x h i b i t e d a marked o r i e n t a t i o n dependence 
At l e a s t seven l i n e s were r e s o l v e d a t low f i e l d s , i n the r e g i o n 
around g = 4, most of v/hich appeared t o be a n i s o t r o p i c . A-
t y p i c a l spectrum o f the s i n g l e - f l a k e muscovite i s shovm i n 
F i g . 6.15» 
No d e t a i l e d a n a l y s i s of the spectra was c a r r i e d out 
because of the poor r e s o l u t i o n of most of the spectra a t 
X-band. Ne v e r t h e l e s s , i t may be i n f e r r e d from the behaviour 
o f the s p e c t r a on v a r y i n g the c r y s t a l o r i e n t a t i o n t h a t t h e 
l i n e a t g = 4.2 i n p o l y c r y s t a l l i n e micas, and probably i n 
most o t h e r c l a y m i n e r a l s e x h i b i t i n g a s i m i l a r resonance, i s 
a composite l i n e r e p r e s e n t i n g the averaged sum of t h e complex 
s i n g l e c r y s t a l s p e c t r a over a l l o r i e n t a t i o n s . For a d e t a i l e d 
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a n a l y s i s o f the s p e c t r a g r e a t e r r e s o l u t i o n i s r e q u i r e d , v/hich 
might be o b t a i n a b l e a t Q-band or h i g h e r microwave f r e q u e n c i e s . 
The e f f e c t of thermal t r e a t m e n t on the E3R s p e c t r a o f 
micaceous m i n e r a l s was i n v e s t i g a t e d by h e a t i n g samples o f th e 
Lee Woor muscovite, Tregarden b i o t i t e and i l l i t e (API No. 35) 
f o r 6 hours i n a i r a t 700°C. 
The p r i n c i p a l change o c c u r r i n g i n the s p e c t r a o f the 
h e a t - t r e a t e d muscovite and i l l i t e c o n s i s t e d of a marked na r r o w i n g 
of the g = 4.2 resonances i n each case t o a l i n e w i d t h of about 
50-60 gauss, t o g e t h e r w i t h an increase i n peak-to-peak h e i g h t . 
The s p e c t r a o f the heated c l a y s resemble c l o s e l y t h a t o f 
k a o l i n i t e heated under s i m i l a r c o n d i t i o n s , suggesting t h a t 
the environment of the param.agnetic species i n the dehydroxylated 
phases o f k a o l i n i t e s and micas i s s i m i l a r . , 
For the b i o t i t e , no change i n the nature o f the spectrum 
occurred on h e a t i n g , though a marked increase i n the i n t e n s i t y 
o f the broad g = 2.0 resonance v/as observed. The i n t e n s i t y o f 
t h i s resonance prevented any change i n the small g = 4.2 
l i n e b e ing observed, 
X - i r r a d i a t i o n of a number of micas, i n c l u d i n g the i l l i t e 
and the Lee moor muscovite, under s i m i l a r c o n d i t i o n s t o those 
used i n the i r r a d i a t i o n experiments on k a o l i n i t e s were c a r r i e d 
o u t . These experiments produced no changes i n the ESR s p e c t r a , 
and gave no i n d i c a t i o n f o r the existence of induced d e f e c t 




F i g . 6.14. E.S.R. spectrum of 'Supreme' k a o l i n i t e heated f o r 
24 hours a t 1000^0. 
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g = 4 
^ H 
F i g . 6.15. E.S.R. spectrum of s i n g l e muscovite f l a k e , 
low magnetic f i e l d r e g i o n . 
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6.4.7. Summary 
The experiments described i n the preceding s e c t i o n s have 
demonstrated t h a t t h e ESR s p e c t r a o f k a o l i n i t e s c o n s i s t o f 
resonances a r i s i n g from a t l e a s t f o u r d i f f e r e n t paramagnetic 
c e n t r e s , two o f which g i v e superimposed resonances a t g = 2.0 
and two o t h e r s g i v i n g superimposed resonances i n the r e g i o n 
o f g = 4. The presence o f mica i m p u r i t i e s i n k a o l i n i t e s has 
been shovm t o i n f l u e n c e the i n t e n s i t y and lineshape of t h e 
l o v / - f i e l d r e g i o n o f t h e spectrum. The s p e c t r a are n o t a f f e c t e d 
by a c i d washing or removing the exchange c a t i o n s , but are 
markedly dependent on the o r i e n t a t i o n of the p a r t i c l e s v / i t h 
r e s p e c t t o the a p p l i e d magnetic f i e l d . This suggests t h a t the 
species r e s p o n s i b l e f o r the s p e c t r a are l o c a t e d w i t h i n , the 
k a o l i n i t e l a t t i c e . 
I r r a d i a t i o n o f k a o l i n i t e s withX-rays produced d i s t i n c t 
changes i n the ESR s p e c t r a which were c o n s i s t e n t w i t h the 
c r e a t i o n o f p o i n t d e f e c t s . These changes were r e a d i l y r e v e r s e d 
by a n n e a l i n g a t r e l a t i v e l y low temperatures. No such changes 
were observed w i t h micas. 
A t t a c k i n g t h e k a o l i n i t e l a t t i c e w i t h a c i d f l u o r i d e 
s o l u t i o n s a l s o caused marked changes i n the ESR s p e c t r a i n 
b o t h t h e g = 2 and g = 4 r e g i o n s . 
Marked changes i n the ESR s p e c t r a of k a o l i n i t e s and micas 
occurred on h e a t i n g . I n k a o l i n i t e s , the g = 2.0 resonance was 
e l i m i n a t e d on h e a t i n g t o temperatures above 500^0, v/hile the 
l o v / - f i e l d spectrum c o l l a p s e d to a s i n g l e l i n e resembling the 
resonances p r e v i o u s l y observed f o r Fe^ "*" i n s i l i c a t e g l a s s e s . 
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7. FINAL DTSCUSSION AND CONCLUSIONS 
7,1. K a o l i n i t e Group i'.unerals 
7.1.1. Hi.'^h-field resonances (^ = 2 r e g i o n ) 
Apart from p o s s i b l e small c o n t r i b u t i o n s t o the ESR 
spe c t r a o f k a o l i n i t e s a r i s i n g from organic f r e e r a d i c a l s , as 
has been demonstrated f o r the South Devon b a l l clay i n the 
r e s u l t s presented and discussed i n Chapter 5, two d i s t i n c t 
resonances have been i d e n t i f i e d i n k a o l i n i t e s a t g-values 
close t o 2.0 : 
(1) Resonance A, an asymmetric d o u b l e - l i n e s i g n a l having 
g = 2.049 X 0.001 and g = 2.005 ± 0.001. 
(2) A resonance c h a r a c t e r i z e d by a m u l t i - l i n e h y p e r f i h e 
s t r u c t \ i r e , superimposed on Resonance A i n n a t u r a l k a o l i n i t e s 
and g r e a t l y enhanced i n i n t e n s i t y by X - i r r a d i a t i o n . 
The probable nature of the paramagnetic species 
r e s p o n s i b l e f o r the l a t t e r resonance has been p r e v i o u s l y 
mentioned. S i m i l a r resonances have p r e v i o u s l y been observed 
1 2 
i n i r r a d i a t e d q u a r t z and s i l i c a t e glasses and i n a number 
of n a t u r a l and i r r a d i a t e d a l u m i n o s i l i c a t e m i n e r a l s ^ and have 
been i d e n t i f i e d as trapped hole centres l o c a t e d on an Al-0 
bond smd a r i s i n g from the s u b s t i t u t i o n of alizminium f o r 
s i l i c o n . The magnitude of the h y p e r f i n e s p l i t t i n g i n k a o l i n i t e , 
o f the order of 8 gauss, i s close t o values p r e v i o u s l y r e p o r t e d 
f o r d e f e c t c e n t r e s i n which the unpaired spins i n t e r a c t w i t h 
27 1 2 
A l n u c l e i * • The s i z e o f the h y p e r f i n e s p l i t t i n g i n d i c a t e s 
t h a t , as f o r the c e n t r e i n q u a r t z , the unpaired spins are 
l o c a t e d predominantly on oxygen atoms, spending only a s m a l l 
f r a c t i o n o f t h e i r t i m e i n the v i c i n i t y o f the aluminium 
n u c l e i . 
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Since the nuc l e a r s p i n o f A l i s 5/2, one expects 
21 + 1 = 6 l i n e s f o r the i n t e r a c t i o n of an e l e c t r o n or hole 
w i t h a s i n g l e aluminium nucleus. I f the h y p e r f i n e l i n e s 
observed i n the n a t u r a l k a o l i n i t e s are,due t o such an 
i n t e r a c t i o n , and assuming the i n t e r a c t i o n t o be i s o t r o p i c , 
the spectrum may be f i t t e d t o a s p i n K a m i l t o n i a n o f the form 
A I.S (7.1) 
From the spectrum, the approximate values of the parameters 
are found t o be g = 2.03 ± 0.01 and A = 7.7 r 0.2 gauss. 
From the s p e c t r a of randomly o r i e n t a t e d powder samples, 
no a n i s o t r o p y i n e i t h e r the g-value or the h y p e r f i n e i n t e r a c t i o n 
was d i s t i n g u i s h a b l e . However, the marked improvement i n t h e 
r e s o l u t i o n o f the spectrum f o r one of the o r i e n t a t i o n s of the 
pressed d i s c i n d i c a t e s the p o s s i b l e presence o f some a n i s o t r o p y 
v/hich would account f o r the weakness and l a c k of r e s o l u t i o n 
of the l i n e s i n the randomly o r i e n t a t e d samples. I n order t o 
completely c h a r a c t e r i z e t h e spectrum and measure the p r i n c i p a l 
values and o r i e n t a t i o n s ' of the g and A t e n s o r s , ESR data 
f o r k a o l i n i t e s i n g l e c r y s t a l s would be r e q u i r e d . 
The ESR s p e c t r a o f the X - i r r a d i a t e d k a o l i n i t e s show 
t h a t the r a d i a t i o n - i n d u c e d d e f e c t centres e x h i b i t more 
complex h y p e r f i n e i n t e r a c t i o n s than the simple i n t e r a c t i o n 
d escribed above.Fig. 6.7 shows t h a t a m u l t i - l i n e h y p e r f i n e 
s t r u c t u r e i s superimposed on the broad l i n e a t t r i b u t e d t o 
the h o l e c e n t r e . The h y p e r f i n e p a t t e r n appears t o be a 
composite spectrum due t o two or more o v e r l a p p i n g systems 
o f l i n e s . However the major p a r t o f the h y p e r f i n e p a t t e r n 
may be a t t r i b u t e d t o an unpaired s p i n e q u a l l y i n t e r a c t i n g 
27 
w i t h two 'Al n u c l e i , f o r which one would expect 11 l i n e s 
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o f r e l a t i v e i n t e n s i t y 
1 : 2 : 3 : 4 : 5 : 6 : 5 : 4 : 3 : 2 : 1 
This s i t u a t i o n could a r i s e f o r a hole centre l o c a t e d on an 
oxygen atom j o i n i n g two aluminium atoms, i . e a ce n t r e o f t h e 
type 
A l - 0"^ - A l 
X - i r r a d i a t i o n o f k a o l i n i t e s which had been pre-heated a t v a r i o u s 
temperatures gave ESR sp e c t r a having v a r y i n g h y p e r f i n e p a t t e r n s 
depending on the p r e - h e a t i n g temperature. These r e s u l t s are 
not presented i n t h i s t h e s i s , although a p r o j e c t i s c u r r e n t l y 
i n progress i n these l a b o r a t o r i e s whose aim i s t o i n v e s t i g a t e 
the v a r i a t i o n s i n the nature and environment of the d e f e c t 
c e n t r e s i n c l a y m i n e r a l s subjected t o v a r i o u s thermal t r e a t m e n t s 
These s t u d i e s could p o t e n t i a l l y provide u s e f u l i n f o r m a t i o n 
r e g a r d i n g the s t r u c t u r e o f the di s o r d e r e d , X-ray amorphous 
dehydroxylated phases o f c l a y m i n e r a l s . 
I t i s considered t h a t the ,v/eak s p e c t r a o f d e f e c t c e n t r e s 
i n n a t u r a l k a o l i n i t e s are a t t r i b u t a b l e t o the e f f e c t of the 
n a t u r a l backgroxind r a d i a t i o n . 
The major p a r t of the ESR spectra of k a o l i n i t e s i n the 
g = 2.0 r e g i o n , the asymmetric s i g n a l l a b e l l e d 'Resonance A'^ 
i s c l e a r l y o f a d i f f e r e n t o r i g i n t o the d e f e c t c e n t r e s p e c t r a 
d e s c r i b e d above^ since i t i s of g r e a t e r thermal s t a b i l i t y and 
als o u n a f f e c t e d by X - i r r a d i a t i o n under the c o n d i t i o n s which 
produced the d e f e c t c e n t r e s . The only common paramagnetic 
ions expected t o produce resonances near g = 2.0 a t room 
temperature w i t h o u t h y p e r f i n e s t r u c t u r e are Fe^^ and Ni^"*", 
However, i n none of the cl a y s f o r which q u a n t i t a t i v e analyses 
were a v a i l a b l e was n i c k e l present i n q u a n t i t i e s s u f f i c i e n t t o 
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account f o r the observed i n t e n s i t y of the resonance (10^^-10^^ 
spins/gram) and t h i s p o s s i b i l i t y must t h e r e f o r e be d i s c o u n t e d . 
I t i s f e a s i b l e t h a t h i g h - s p i n Fe'^"*" ions could g i v e r i s e 
t o resonances w i t h g 2.0 i f the d i s t o r t i o n s o f t h e i r 
c r y s t a l l i n e environment from cubic symmetry were s m a l l ^ . I n 
t h i s case, though, the t h e o r y p r e d i c t s t h a t f o r the s i n g l e 
c r y s t a l case f i v e l i n e s , corresponding t o the f i v e Am^ = 1 
s p i n - a l l o w e d t r a n s i t i o n s o f the S^ groundstate should be 
observed. The p o s i t i o n o f eacKline would i n general vary 
depending on the o r i e n t a t i o n of the c r y s t a l w i t h r e s p e c t t o 
the magnetic f i e l d ' ^ ' ^ . I n the case of a pov/der such as 
k a o l i n i t e one would observe the averaged sum of the s i n g l e 
c r y s t a l s p e c t r a over a l l p o s s i b l e o r i e n t a t i o n s . I n the case 
o f a x i a l symmetry t h i s average might correspond t o t h e 
l i n e s h a p e o f resonance A, though i t i s d i f f i c u l t t o 
envisage. 
A resonance of s i m i l a r lineshape would be expected f o r 
a d^ i o n i n an a x i a l l y symmetric environment^ and i n f a c t 
c l o s e l y s i m i l a r s p e c t r a have been observed f o r l o w - s p i n Fe"'^ 
7 8 
ions i n a number o f p r o t e i n s * , I t i s t h e r e f o r e t e m p t i n g t o 
assign the k a o l i n i t e resonance t o lov;-spin i r o n . However the 
Fe-''*' s i g n a l s i n the p r o t e i n s were only observed a t low 
temperatures, below about 20*^ K ; moreover, as f a r as the 
au t h o r i s av/are, t h e r e i s no a v a i l a b l e evidence a t present f o r 
the occurrence o f lov/-spin Fe'"*" i n c l a y m i n e r a l s . 
The a d d i t i o n a l p o s s i b i l i t y e x i s t s t h a t the resonance 
might s t i l l be due t o a d e f e c t c e n t r e , though o f a d i f f e r e n t 
n a t u r e t o the c e n t r e s discussed p r e v i o u s l y , and not created 
by X - i r r a d i a t i o n under the c o n d i t i o n s employed i n t h i s work:^; 
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The f a i r l y h i g h thermal s t a b i l i t y of the system might i n d i c a t e 
a d e e p - l y i n g t r a p l o c a t e d w i t h i n the k a o l i n i t e l a t t i c e . 
Q 
V/auchope and Haque observed an increase i n the i n t e n s i t y 
of the resonance i n k a o l i n i t e a f t e r h e a t i n g a t temperatures 
of up t o 200*^C, and a t t r i b u t e d the s i g n a l t o a t h e r m a l l y 
generated d e f e c t w i t h i n the k a o l i n i t e l a t t i c e . No such 
i n c r e a s e i n i n t e n s i t y was observed i n the prev^ent work. 
One e x p l a n a t i o n f o r t h i s discrepancy i s t h a t i n t h e 
present work a l l samples were e x h a u s t i v e l y d r i e d over F^O^ 
i n a vacuum d e s i c c a t o r p r i o r t o e i t h e r h e a t i n g or r e c o r d i n g 
t h e i r ESR s p e c t r a . No mention of any such p r e - d r y i n g was made 
i n the paper o f V/auchope and Kaque. I t i s w e l l known t h a t the 
presence of f r e e m o i s t u r e , which s t r o n g l y absorbs microwave 
r a d i a t i o n , may s i g n i f i c a n t l y reduce the s e n s i t i v i t y o f ESR 
d e t e c t i o n , such t h a t v/eaker l i n e i n t e n s i t i e s are recorded f o r 
moist samples compared t o dry samples f o r the same s p i n 
c o n c e n t r a t i o n . Omission of thorough p r e - d r y i n g would t h e r e f o r e 
g i v e r i s e t o spurious increases i n i n t e n s i t y due merely t o the 
removal o f moisture from'the heated samples. I n f a c t , increases 
Q 
s i m i l a r t o those r e p o r t e d by Wauchope and Haque were obtained 
when no p r e - d r y i n g of samples v/as c a r r i e d o u t . The r e s u l t s o f 
the present work do not support the assumption of a t h e r m a l l y 
generated d e f e c t . 
C o nsidering now the decrease i n the i n t e n s i t y of the 
s i g n a l i n samples heated t o temperatures above 500°C, the 
Q 
r e s u l t s o f Wauchope and Haque and those o f the present 
i n v e s t i g a t i o n are s u b s t a n t i a l l y i n agreement. Table 7.1 l i s t s 
t h e r e l a t i v e i n t e n s i t i e s o f resonance A i n Supreme k a o l i n i t e 
heated f o r 24 hours a t v a r i o u s temperatures compared t o i t s 
i n t e n s i t y i n the d r y , unheated sample. I t can be seen t h a t 
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the i n t e n s i t y of the s i g n a l f a l l s o f f s h a r p l y , from 86^ t o 19^ 
of i t s o r i g i n a l v a l u e , between 300° and 400°C. Small r e s i d u a l 
s i g n a l s only occur i n the samples heated a t 450° and 500°, the 
resonance being completely e l i n i n a t e d by h e a t i n g a t h i g h e r 
temperatures. 
Table 7.1. I n t e n s i t y of ^ = 2.0 resonance ( A ) i n Supreme 
K a o l i n i t e heated f o r 24 hours a t v a r i o u s 
terriperaturest expressed as percentage o f 
o r i g i n a l i n t e n s i t y . 






500 ' 1 . 5 
The X-ray d i f f r a c t o g r a m s o f the samples heated a t 300° 
and 400°C are both s t i l l c h a r a c t e r i s t i c ' o f k a o l i n i t e , a l t h o u g h 
the weight l o s s of the sample heated t o 400°C i n d i c a t e s t h a t 
a pproximately o n e - f i f t h of the sample has undergone dehydrox-
y l a t i o n . 
I f the g = 2.0 resonance i n k a o l i n i t e were due t o Fe^ "*" 
r e p l a c i n g Al^"*" i n a x i a l l y d i s t o r t e d o c t a h e d r a l s i t e s , as 
concluded by Boesman aind Schoemaker^*^ one would expect t h a t 
the resonance would change, or be completely e l i m i n a t e d , on 
d e h y d r o x y l a t i o n c o n s i s t e n t w i t h the changes i n the environment 
o f Al^"*" and l o s s o f o c t a h e d r a l s i t e s on d e h y d r o x y l a t i o n ^ • The 
e l i m i n a t i o n of the resonance above the temperature o f 
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d e h y d r o x y l a t i o n seemingly supports such an assignment. However 
the r e d u c t i o n i n the i n t e n s i t y o f the resonance does n o t appear 
t o c o r r e l a t e w e l l w i t h the e x t e n t o f d e h y d r o x y l a t i o n ; e.g. i n 
the sample heated t o 400°C, the resonance has been reduced t o 
one f i f t h o f i t s o r i g i n a l i n t e n s i t y , though more than 755^ o f 
the k a o l i n i t e remains unchanged. This discrepancy could hp. 
e x p l a i n e d by assuming t h a t d e h y d r o x y l a t i o n proceeds most 
r e a d i l y i n the immediate v i c i n i t y o f s u b s t i t u t i o n a l Fe^"^ i o n s , 
f o r v/hich t h e r e i s no d i r e c t evidence. A l t e r n a t i v e l y . the 
e l i m i n a t i o n of the resonance could be a t t r i b u t e d to the 
a n n e a l i n g o f a d e f e c t c e n t r e , which would not n e c e s s a r i l y 
have any c o r r e l a t i o n w i t h the amount of d e h y d r o x y l a t i o n . 
The i n t e n s e spectrum observed i n the k a o l i n i t e s which 
were t r e a t e d w i t h ammonium hydrogen f l u o r i d e may be assigned 
t o the f o r m a t i o n o f a complex of composition (FeF^)^". For an 
unpaired e l e c t r o n e q u a l l y i n t e r a c t i n g w i t h s i x f l u o r i n e atoms^ 
f o r which the s p i n o f the 100^ abundant ^^F nucleus i s one 
expects seven e q u a l l y spaced l i n e s having r e l a t i v e i n t e n s i t y 
given by the a p p r o p r i a t e b i n o m i a l c o e f f i c i e n t s , i . e . 
1 : 6 : 15 : 20 : 15 : 6 : 1. 
The observed s p e c t r a are i n f a i r agreement w i t h t h i s i n t e n s i t y 
d i s t r i b u t i o n . The value of the h y p e r f i n e s p l i t t i n g parameter, 
22.5 ^ 0.1 gauss, i s i n good agreement w i t h the value o f 
23.1 i 0.5 gauss measured by Levanon and coworkers f o r 
(FeFg)-'~ complexes i n aqueous s o l u t i o n . 
The a c t i o n o f a c i d f l u o r i d e s o l u t i o n s on a l u m i n o s i l i c a t e s 
i s f a i r l y w e l l understood^^. The r e a c t i o n of k a o l i n i t e w i t h 
ammonium hydrogen f l u o r i d e (NH^KF^) may be w r i t t e n : 
Al^Si^O^COK)^ + 6F" = AlSi^O^COH) + ( A l F ^ ) ^ " + 3(0H)" 
(7.2) 
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which accounts f o r the f o r m a t i o n of ammonium f l u o a l u m i n a t e , 
(NK^)^A1F5, and al s o suggests t h a t s u b s t i t u t i o n of Fe-^ "^  f o r 
Al'^'*' i n k a o l i n i t e would lead t o species such as (Fe?^)-^~. These 
r e s u l t s t h e r e f o r e provide a d d i t i o n a l evidence f o r the s u b s t i t u t i o n 
o f Fe^"^ f o r Al"^ "*" i n k a o l i n i t e , although the p o s s i b i l i t y of 
some a t t a c k o f t e t r a h e d r a l s i t e s cannot be e l i m i n a t e d . 
U n f o r t u n a t e l y , since the i n t e n s i t y o f the resonance due 
t o the f l u o r i d e complex i s q u i t e l a r g e , the behaviour o f 
resonance A cannot be a s c e r t a i n e d . I t i s n o t c l e a r whether the 
s i g n a l has been e l i m i n a t e d or unresolved above the i n t e n s e 
new resonance. Some changes i n the l o v / - f i e l d r e g i o n o f the 
spectrum were also observed, and are discussed in|*7.1.2. 
V»1.2. L o w - f i e l d resonances (g; = 4 ref;ion) 
I t has been c l e a r l y demonstrated t h a t , a p a r t from 
o v e r l a p p i n g resonances due to micaceous and oth e r i m p u r i t i e s , 
the ESR s p e c t r a o f k a o l i n i t e s c o n t a i n two o v e r l a p p i n g f e a t u r e s 
i n the l o w - f i e l d r e g i o n , . a t t r i b u t e d t o two d i s t i n c t paramagnetic 
c e n t r e s : 
Centre I : Fe^ "*" ions occupying s i t e s approximating t o 'complete* 
orthorhombic symmetry, c h a r a c t e r i s e d by an i s o t r o p i c l i n e a t 
g = 4.2, which a r i s e s from the t r a n s i t i o n between the l e v e l s 
o f the c e n t r a l o f the t h r e e Kramers doublets f o r Fe^ "*", 
Centre I I : Fe'''*" i o n s occupying s i t e s o f ' p a r t i a l ' orthorhombic 
c h a r a c t e r , f o r which the c e n t r a l Kramers doublet e x h i b i t s an 
a n i s o t r o p i c resonance w i t h p r i n c i p a l g-values g^ = 4.9, g = 3.7 
z x 
and = 3»5. 
Both of these centres may be described by the s p i n 
H a m i l t o n i a n p r e v i o u s l y r e f e r r e d t o , t h a t i s : 
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= g/3H.S + D(S^^ - 1/3.S(S + 1 ) ) + E{sJ - S^^) 
(7.5) 
where, f o r Centre I , E/D = 1/3, and f o r Centre I I E/D < 1/3. 
An o u t l i n e o f the r e l e v a n t theory has been given p r e v i o u s l y i n 
and d e t a i l s o f the s o l u t i o n o f the spin H a m i l t o n i a n 
f o r v a r i o u s values o f D, E and X= E/D are given i n 
Appendix 1 (p.195). 
The experimental evidence f o r the assignment of the 
l o w - f i e l d l i n e s t o two d i s t i n c t c entres i s supported by a 
c l o s e r examination o f t h e reasoning behind t h e i n t e r p r e t a t i o n 
g i v e n by BoesmaJi and Schoemaker^^t which w i l l be shovm t o be 
i n c o r r e c t owing t o an i n v a l i d use of p e r t u r b a t i o n t h e o r y , 
i n the cooordinate system em.ployed by Castner and 
coworkers'*^ i n t h e i r o r i g i n a l i n t e r p r e t a t i o n of the ESR 
s p e c t r a of Fe^ **" i n s i l i c a t e glasses ( c o r r e s p o n d i n g t o the 
system i n the n o t a t i o n i n t r o d u c e d i n Appendix 2 of t h i s 
t h e s i s ) , the case of'complete* orthorhombic symmetry as 
d e f i n e d by i31umberg^*^^ corresponds t o the values K ^ 0, 
D = 0 i n the s p i n Hamiltonian (7»3), g i v i n g A = 
i i y i n t r o d u c i n g a small i) term, and u s i n g second-order 
p e r t u r b a t i o n t h e o r y , Boesman and Schoemaker showed t h a t 
the c e n t r a l Kramers' doublet o f the Fe^ "*" i o n should e x h i b i t 
an a n i s o t r o p i c resonance, the p r i n c i p a l values of tne 
g-tensor b e i n g g i v e n by 
gz =. -20 . = 12 - 120D . g^ = 20 + 1£0D 
49E f ' 7 ' ^ 7 49E 
(7^4) 
and a c c o r d i n g l y i n t e r p r e t e d the l o w - f i e l d spectrum of k a o l i n i t e 
t o such a p e r t u r b a t i o n . U n f o r t u n a t e l y , t h e i r e xperimental 
g-values r e q u i r e t h a t the ratio !>/£' he approximately 0,3, which 
i s somewhat beyond the range of v a l i d i t y o f the method, e s p e c i a l l y 
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since assumptions r e g a r a m g the smallness of the ^ eeman term must 
be made. Tra n s f o r m a t i o n o f the axes t o any co o r d i n a t e 
r e p r e s e n t a t i o n , i n the sense d e f i n e d i n Appendix 2, gives 
values o f D and E f o r which the same argument h o l d s . 
N e i t h e r the method o f V/ickman and coworkers^ ^ nor the 
exact s o l u t i o n s of the sp i n H a m i l t o n i a n given by Dowsing, 
and Gibson^ p r e d i c t s i n any case the set o f g-values o b t a i n e d 
by Eoesman and Schoemaker, whatever values of E, L and A are 
s e l e c t e d . However, the g-values corresponding t o Centre I I 
as determined i n the present work are i n f a i r l y close agreement 
w i t h those p r e d i c t e d by the method of V/ickman and coworkers'*^ 
f o r the c e n t r a l Kramers doublet when E and D are l a r g e 
compared t o the Zeeman term, and X = 0.22 : 
Experimental values : g^ = 4.9, g^ = 3.7, g^ = 3.5 ; 
T h e o r e t i c a l values : = 4.94, g^ = 3.89, g^ = 3.53 ; 
( f o r A = 0-22) 
I n a d d i t i o n , the a n i s o t r o p i c g-tensor associated v/ith the l o w e s t 
d o u b l e t i s p r e d i c t e d t o have one p r i n c i p a l value = 9.24 
when X = 0.22, which i s q u i t e close t o the observed s m a l l 
peak i n the k a o l i n i t e spectrum a t g = 8.8. For Centre I , assuming 
t h a t X - 1/3, the c e n t r a l doublet i s p r e d i c t e d t o have an 
i s o t r o p i c t r a n s i t i o n a t g = 4.29, and the lowest d o u b l e t 
= 9.68. 
Thus the main f e a t u r e s of the l o w - f i e l d spectrum o f 
k a o l i n i t e can be a t t r i b u t e d t o t r a n s i t i o n s between the l e v e l s 
o f the c e n t r a l Kramers doublet of Fe^ "*" f o r centres having 
X = 0.22 and X = 1/3, w h i l e the l o w - f i e l d t a i l and peak 
a t g = 8.8 may be a t t r i b u t e d t o p a r t of an a n i s o t r o p i c 
resonance a s s o c i a t e d w i t h the lowest o f the Kramers do u b l e t s 
f o r e i t h e r or both of t h e same c e n t r e s . 
The exact computational s o l u t i o n s , u s i n g the method o f 
Dowsing and Gibson5^ g i v e a f i t t i n g o f the experimental 
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r e s u l t s e s s e n t i a l l y i n agreement w i t h the above assignments. 
However the use of t h i s method, i n c o n j u n c t i o n w i t h the Q-band 
spectrum o f Supreme k a o l i n i t e , enables some deductions t o be 
made r e g a r d i n g the maf2;nitude o f the s p i n H amiltonian parameters 
D and E f o r the two c e n t r e s . 
The occurrence of a s i n g l e l i n e at g = 4.2 i n the Q-band 
spectrum i n d i c a t e s t h a t , f o r Centre I , D i s a t l e a s t o f t h e 
o r d e r o f 0.8 cm"'*. The s h i f t of the l i n e s corresponding t o 
Centre I I t o h i g h e r f i e l d s i n the Q-band spectrum sets an upper 
l i m i t on the value o f D f o r t h i s c e n t r e . I n F i g s . A.1.1 ( a ) 
and (b) o f Appendix 1, the graphs o f D a g a i n s t resonance 
magnetic f i e l d , H, f o r each t r a n s i t i o n w i t h non-zero p r o b a b i l i t y 
are p l o t t e d f o r A = 0.22, From the graphs one may deduce 
t h a t D must be a t l e a s t 0,4 cm"^ but l e s s than the order o f 
0,6 cm"\ For A = 0,22 and D = 0,5 cm"'' one o b t a i n s f o r 
the c e n t r a l d oublet the values : 
= 4.92 ; g^ = 3.83 ; g^ = 3.41, 
which are i n f a i r agreement w i t h experiment. 
The values of the parameters f o r each centre are t h e r e f o r e : 
Centre I : > = 0,33, D ^ 0.8 cm""* 
Centre I I : A = 0.22, B = 0.3 ± 0.1 era"'' . 
Since the zero f i e l d s p l i t t i n g s of the doublets are o f t h e 
o r d e r o f a few times D, one would expect the c e n t r a l and 
upper doublets t o be populated except a t very low temperatures 
(1 cm"'' = 1 ,436 °K), 
I t i s p o s t u l a t e d t h a t Centres I and I I are due t o Fe^ "*" 
io n s occupying two d i s t i n c t s i t e s i n the k a o l i n i t e l a t t i c e . 
The evidence f o r the s u b s t i t u t i o n of Fe^"^ i n k a o l i n i t e i s 
f a i r l y w e l l e s t a b l i s h e d ' , although no d e f i n i t e evidence 
f o r the s u b s t i t u t i o n o f Fe^ "*" f o r Si.'^'^ i n the t e t r a h e d r a l 
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l a y e r o f k a o l i n i t e has been p r e v i o u s l y o b t a i n e d . Maiden and 
Meads found only one doublet c h a r a c t e r i s t i c o f Fe^ "*" i n the 
17 
!.'ttssbauer spectrum o f a St. A u s t e l l k a o l i n i t e '., which they 
assigned t o Fe^*^ r e p l a c i n g Al'^'*". The s t a t i s t i c s o f t h e experiment 
were n o t good, ..however, and no computational f i t t i n g was 
18 
c a r r i e d out , so t h a t i t i s p o s s i b l e t h a t a second quadrupole 
d o u b l e t , w i t h s i m i l a r values of isomer s h i f t and quadrupole 
s p l i t t i n g , might be present but unresolved. The closeness o f 
the s p i n K a m i l t o n i a n parameters f o r Centres I and I I suggests 
t h a t t h e i r MOssbauer d o u b l e t s , l i k e t h e i r ESR s p e c t r a , might 
be c l o s e t o g e t h e r . 
The changes i n the ESR spectum o f k a o l i n i t e caused by 
heat t r e a t m e n t provide a d d i t i o n a l i n f o r m a t i o n . The c o l l a p s e 
o f the o v e r l a p p i n g l o w - f i e l d resonances t o a s i n g l e l i n e o f 
w i d t h about 45 gauss a t g = 4*2 i n metakaolin i n d i c a t e s t h a t 
t h e r e i s only one type o f environment occupied by Fe^ "*" ions 
a f t e r d e h y d r o x y l a t i o n , more s i m i l a r t o Centre I than t o 
Centre I I . C l e a r l y the environment o f the Fe^ "*" i o n s occupying 
Centre I I i n k a o l i n i t e changes on d e h y d r o x y l a t i o n . I/.oreover, 
the spectrum of metakaolin i s v i r t u a l l y i d e n t i c a l w i t h t h a t 
3+ 14 19 of Fe i n s i l i c a t e glasses * ^. One may t h e r e f o r e assign 
the s i n g l e - l i n e resonance i n m e t a k o l i n t o Fe"^^ ions occupying 
4 - f o l d s i t e s of orthorhombic symmetry. This i s i n accordance 
v;it h the well-kno'ATi change i n aluminium c o o r d i n a t i o n from 6 
t o 4 on d e h y d r o x y l a t l o n ^ ^  From the s i m i l a r i t y of the s p e c t r a , 
one may assign Centre I t o Fe''"*' ions r e p l a c i n g Si^"*" i n the 
k a o l i n i t e t e t r a h e d r a l l a y e r . The assignment o f Centre I I w i l l 
be discussed below. 
I n the B r i n d l e y - N a k a h i r a model of m e t a k a o l i n ^ \ the 
aluminium and s i l i c o n s i t e s are o f d i f f e r e n t symmetry, though 
b o t h are i n 4 - f o l d c o o r d i n a t i o n . I n the inhomogeneous T a y l o r 
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model^'' only one type of s i t e i s expected, the s t r u c t u r e being 
d i c t a t e d p r i n c i p a l l y by the close-packing of oxygen atoms. 
The r e s u l t s presented here are c l e a r l y c o n s i s t e n t w i t h the 
T a y l o r r.odel, but they may also be accommodated to the 
Er i n d l e y - N a k a h i r a model i f i t i s assumed e i t h e r t h a t the 
Fe^ "*" i o n s occupy only one of the two d i s t i n c t s i t e s i n 
me t a k a o l i n , or a l t e r n a t i v e l y t h a t they modify t h e i r l o c a l 
environment i n such a manner t h a t the tv/o s i t e s become 
i d e n t i c a l . 
The broadening of the g = 4.2 l i n e from i t s l i n e w i d t h 
i n m e t a k a o l i n i t e on h e a t i n g k a o l i n i t e t o lOOO^C or above, 
corresponding t o the onset of c r y s t a l l i z a t i o n of one or more 
of the h i g h e r temperature phases such as ^f-alumina, s p i n e l 
or m u l l i t e , i n d i c a t e s t h a t a change i n the environment o f the 
Fe^^ ions takes place at t h i s stage. I n terms of the s p i n 
K a m i l t o n i a n d e s c r i p t i o n , the broadening corresponds t o a 
change i n the value of X from l/5^^^^» This could r e p r e s e n t 
e i t h e r a change i n the symmetry of the 4 - f o l d Fe^ *^  s i t e s , or 
else p o s s i b l y a r e v e r s i o n o f some of the Fe'^^ ions t o 6 - f o l d 
c o o r d i n a t i o n . An unequivocal d i s t i n c t i o n between these two 
p o s s i b i l i t i e s cannot be made on the basis of the SSR s p e c t r a 
alone**^. 
There are tv/o p o s s i b l e ways i n which the' Centres I and I I 
may be i n t e r p r e t e d , h i n g i n g on the i n t e r p r e t a t i o n of resonance 
A v/hich has been p r e v i o u s l y discussed, 
(1) I f resonance A i s i n t e r p r e t e d as a d e f e c t c e n t r e , o f 
u n c e r t a i n o r i g i n , then Centres I and I I may be i n t e r p r e t e d 
as Fe-'"*' r e p l a c i n g Si'^'*' and Al"'"^ r e s p e c t i v e l y i n the t e t r a h e d r a l 
and o c t a h e d r a l l a y e r s of the k a o l i n i t e s t r u c t u r e , 
(2) I f resonance A i s a t t r i b u t e d t o Fe^ "*" r e p l a c i n g Al^"*",' 
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then Centres T and I I must be assigned t o Fe^"^ ions r e p l a c i n g 
Si'^"*' i n two types of s i t e o f d i f f e r i n g - s.vmmetry, the d i f f e r e n c e 
between them p o s s i b l y a r i s i n g from d i f f e r e n c e s i n the mechanism 
of charge compensation o c c u r r i n g . 
I n f a v o u r of scheme (') i s the f o l l o w i n g evidence : 
(a) The change i n the lineshape of the l o w - f i e l d r e g i o n 
of the spectrum of a c i d f l u o r i d e t r e a t e d k a o l i n i t e i n d i c a t e s 
t h a t Centre I I i s p r e f e r e n t i a l l y a t t a c k e d , as would be expected 
f o r the o c t a h e d r a l s i t e s . This r e s u l t i s d i f f i c u l t t o e x p l a i n 
on the b a s i s of scheme ( 2 ) . 
(b) I n a number of previous s t u d i e s of the ESR s p e c t r a of 
a l u m i n o s i l i c a t e m i n e r a l s , f a i r l y l a r g e z e r o - f i e l d s p l i t t i n g s 
and resonances i n the g = 4 r e g i o n have been observed f o r 
o c t a h e d r a l l y c o o r d i n a t e d Fe^ "*" ions^^"^'^'^. I n p a r t i c u l a r , the 
parameters associated w i t h the ESR spectrum o f Fe^ "*" i n t o p a z ^ J 
i n which i r o n occupies d i s t o r t e d 6 - f o l d s i t e s , are not f a r 
removed from those determined f o r c e n t r e I I . 
( c ) The o b s e r v a t i o n o f only one I.'ittssbauer doublet f o r Fe''"*" 
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i n k a o l i n i t e ' i s more r e a d i l y understandable i f Centres I 
and I I a r i s e from the 4 - f o l d and 6 - f o l d c o o r d i n a t e d ions 
r e s p e c t i v e l y , as the symmetry of both s i t e s i n scheme ( l ) 
i s orthorhombic, and the d i s t o r t i o n s of the c r y s t a l l i n e 
environment produce z e r o - f i e l d s p l i t t i n g s which are probably 
o f the same order of magnitude. 
(d) The s l i g h t l y s m a l l e r values o f D and E asr,ociated w i t h 
Centre I I are i n accordance w i t h what would be expected f o r 
the l a r g e r o c t a h e d r a l s i t e s , v;hich can more e a s i l y accommodate 
the Fe^ "*" i o n s , 
(e) No simple c o r r e l a t i o n e x i s t s between the i n t e n s i t y o f the 
g = 2,0 resonance and i r o n c o n t e n t , v/hich might be expected i f 
t h i s resonance i s due. t o octahedral Fe'''^ , since t h e Al-'"*" s i t e s 
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would be expected t o be the ones most e a s i l y occupied by i r o n . 
I n p a r t i c u l a r , the S a l t Lake C i t y d i c k i t e , v;hich c o n t a i n s l e s s 
than 0.01^ Fe20^, e x h i b i t s a f a i r l y i n t e n s e g = 2.0 resonance 
i d e n t i c a l i n form t o resonance A, v/hich s t r o n g l y suggests t h a t 
t h i s s i g n a l i s not a t t r i b u t a b l e t o i r o n , 
( f ) The c a l c u l a t e d i n t e n s i t y of resonance A i n a number o f 
k a o l i n i t e group minerals corresponds t o an Fe-'"^  content v/hich 
i s o n l y a small f r a c t i o n of the t o t a l i r o n present, even on 
the assumption t h a t o nly one spin per Fe^ "*^  atom c o n t r i b u t e s 
t o the resonance. For example, i n the r e f i n e d St. A t c s t e l l 
k a o l i n i t e , which c o n t a i n s 0.319^ -^^2^3' v;hich probably 
almost a l l i s s u b s t i t u t i o n a l , the i n t e n s i t y of resonance A 
1 8 
i s approximately 2 x 10 spins/gram, which corresponds t o 
am Fe^O^ content of approximately 0,03?^ on a l o w - s p i n b a s i s , 
and only 0,0065^ on a h i g h - s p i n b a s i s . I f the g = 2,0 resonance 
were due t o o c t a h e d r a l Fe^ "*", i t would seem t h a t the m a j o r i t y 
o f the i r o n was present i n the t e t r a h e d r a l l a y e r , which seems 
u n l i k e l y . However, the o v e r a l l i n t e n s i t y of the l o w - f i e l d 
resonances c o r r e l a t e s f g . i r l y v/ell w i t h the t o t a l i r o n c o n t e n t , 
w i t h i n the l i m i t s o f experimental e r r o r , 
(g) The absence of a g = 2,0 resonance s i m i l a r t o resonance A 
i n micas i s d i f f i c u l t t o e x p l a i n on the basis of scheme ( 2 ) , 
since the environment o f o c t a h e d r a l l y coordinated i r o n i n 
k a o l i n i t e s and micas would be expected t o be s i m i l a r . On the 
b a s i s o f scheme ( 1 ) , one concludes t h a t the d e f e c t c e n t r e s 
r e s p o n s i b l e f o r the g = 2,0 resonance i n k a o l i n i t e - g r o u p 
m i n e r a l s are not found i n micas. 
I n f a v o u r o f scheme ( 2 ) , the f o l l o w i n g evidence may be o f f e r e d : 
(a) A number of previous s t u d i e s o f Fe^ "*" ions i n environments 
g i v i n g r i s e t o l a r g e z e r o - f i e l d s p l i t t i n g s have i n d i c a t e d t h a t 
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charge-compensciting ions may be p a r t i a l l y r e s p o n s i b l e f o r the 
s i z e of the z e r o - f i e l d terms ^ . I t i s p o s s i b l e t h a t more than 
one 4 - f o l d s i t e f o r i r o n might e x i s t i n k a o l i n i t e , d i f f e r i n g o n l y 
i n the n a t u r e ' o r l o c a t i o n of the charge-compensating c a t i o n s . 
For example, one environment might have l o c a l and the o t h e r 
n o n - l o c a l charge compensation. During the k a o l i n i t e - m e t a k a o l i n 
t r a n s f o r m a t i o n , the former environment might modify due t o 
the m i g r a t i o n away o f the charge compensators. 
(b) The f a c t t h a t the r a d i a t i o n - i n d u c e d d e f e c t centres i n 
k a o l i n i t e are independent o f the species r e s p o n s i b l e f o r 
resonance A leads t o doubts r e g a r d i n g the i n t e r p r e t a t i o n 
o f the l a t t e r as a d e f e c t c e n t r e . 
( c ) The absence of a s i g n a l resembling resonance A i n micas 
might be a l t e r n a t i v e l y explained i n terms of the occurrence 
o f Fe^ "*" ions i n c l u s t e r s i n the o c t a h e d r a l s i t e s o f micas, 
g i v i n g r i s e t o broad resonances due t o s t r o n g superparamagnetic 
exchange e f f e c t s . 
(d) The a x i a l symmetry associated w i t h resonance A, and the 
l o c a t i o n o f the symmetry a x i s close t o the k a o l i n i t e c - a x i s , 
can be i n t e r p r e t e d i n terms of the well-known f l a t t e n i n g o f 
the octahedra along the shared edges, due p a r t i a l l y t o the 
mutual r e p u l s i o n o f the o c t a h e d r a l c a t i o n s ^'^^T This would 
be expected f o r Fe"^  r e p l a c i n g A l ^ , but would also h o l d f o r 
any o t h e r species l o c a t e d i n the o c t a h e d r a l s i t e s . 
I n the paper submitted t o the I n t e r n a t i o n a l Clay Conference, 
r . i a d r i d , 1972, the arguments i n fa v o u r o f scheme (2) are presented, 
since t h i s assignment was favoured a t the time o f w r i t i n g ( s e v e r a l 
months p r i o r t o the conference) and since the space a v a i l a b l e f o r 
papers was r e s t r i c t e d , such t h a t b o th arguments could not be 
v o i c e d . Several a d d i t i o n a l pieces of evidence obtained since 
the paper was presented, which are i n c l u d e d i n t h i s t h e s i s . 
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p o i n t s t r o n g l y t o the corr e c t n e s s of scheme ( l ) , v;hich on the 
whole appears t o be more c o n s i s t e n t w i t h a l l the i n f o r m a t i o n 
a v a i l a b l e a t the present t i m e . However, probably no completely 
unequivocal i n t e r p r e t a t i o n of the spectra w i l l be p o s s i b l e u n t i l 
f u r t h e r experimental s t u d i e s are c a r r i e d out - i n p a r t i c u l a r , 
u i i t i l t he p r e c i s e o r i g i n of resonance A i s f i r - n l y e s t a b l i s h e d . 
Some suggestions f o r f u t u r e experimental s t u d i e s are 
giv e n i n ^7.3. 
7.2. Iviicas and Otlier M i n e r a l s 
Apart from resonances sometimes observed which may be 
assigned t o manganese and vanadium i m p u r i t i e s , e s s e n t i a l l y 
only tv;o types o f resonance v/ere observed i n the ESR s p e c t r a 
of micas and o t h e r n o n - k a o l i n i t e - g r o u p m i n e r a l s : 
( i ) Broad resonances a t g-values close t o 2.0, having l i n e w i d t h s 
i n t h e range 800-1000 gauss, which are a t t r i b u t e d t o s t r o n g 
superparamagnetic exchange e f f e c t s between c l u s t e r s o f 
ne i g h b o u r i n g Fe^^ i o n s , p o s s i b l y occupying both the c i s -
and t r a n s - octahedra. Resonances o f t h i s type are most i n t e n s e 
i n samples r i c h i n i r o n , n o t a b l y the b i o t i t e s , b ut are g e n e r a l l y 
observed- i n any samples c o n t a i n i n g more than a few perce n t , o f 
Fe20^, I n some cases broad resonances d i s p l a c e d from g = 2.0 
were observed, probably also a t t r i b u t a b l e t o s t r o n g exchange 
e f f e c t s , though the reasons f o r the g - s h i f t s are not c l e a r . 
I n a d d i t i o n , l i n e s a t g = 4.2 were observed i n the m a j o r i t y 
of the min e r a l s s t u d i e s , and may be regarded as a common f e a t u r e 
of the ESR s p e c t r a o f c l a y m i n e r a l s . As f o r the k a o l i n i t e - g r o u p 
m i n e r a l s , they may be as c r i b e d t o Fe-^ "'' ions occupying d i s t o r t e d 
s i t e s having r e l a t i v e l y l a r g e z e r o - f i e l d s p l i t t i n g s . 
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The o b s e r v a t i o n of a complex l o w - f i e l d 3pectru:n f o r the 
muscovite s i n g l e f l a k e , and the comparison of t h i s w i t h the 
powder spectrum, suggests t h a t Fe'^'*" ions occupy s e v e r a l d i s t i n c t 
s i t e s w i t h i n the muscovito u n i t c e l l , the resonances frcr^; which 
are averaged- i n a powdei- to prodv;ce the broad g =: 4.2 l i n o 
observed i n most p o l y c r y s t a l l i n e micas. The l o w - f i e l d resonances 
c l e a r l y r e p r e s e n t the presence of ma.^netically separated ?c^^ 
ions i n a number o f environrr.ents, described i n terms o f the 
sp i n Hamiltonian (7.3) w i t h E, D » g / 5 H , and A = E/D close t o 
1/3. 
The absence o f a resonance resembling resonance A o f k a o l i n i t e 
a t g = 2,0 i n micas i s s i g n i f i c a n t . The asymmetric g = 2»0 
resonances were observed i n only the k a o l i n i t e s p J i d d l c k i t e n , 
and i n the p y r o p h y l l i t e , but i n no micas, i l l i t e s or s m e c t i t e s . 
Although the o c t a l i e d r a l c a t i o n s i n micas, i l l i t e s and sm e c t i t e s 
are surrounded by f o u r oxygens and two h y d r o x y l s , as opposed 
t o two oxygens and f o u r h y d r o x y l s f o r k a o l i n i t e - g r o u p " d n e r a l s , 
the environments would be expected t o be approximately s i m i l a r 
i n both cases. This i s supported by '.^bssbauer data^'^. The 
absence o f a g = 2.0 asymmetric s i g n a l i n micas and ot h e r m i n e r a l s 
i s t h e r e f o r e s u r p r i s i n g i f the s i g n a l i s o c t a h e d r a l Fe^"^. I f , 
however, a l l the i s o l a t e d s u b s t i t u t i o n a l ions i n micas give 
r i s e t o l o w - f i e l d resonances, and the k a o l i n i t e " s p e c t r a are 
s i m i l a r l y i n t e r p r e t e d , then the absence of an asymmetric g = 2.0 
s i g n a l i n micas.and o t h e r minerals may be r e l a t e d t o d i f f e r e n c e s 
i n the c o n d i t i o n s of f o r m a t i o n of the m i n e r a l s , or t o the 
occurrence o f s i t e s f o r d e f e c t s i n k a o l i n i t e - g r o u p m i n e r a l s 
not a v a i l a b l e i n the other m i n e r a l s . 
The s i m i l a r i t y between the s p e c t r a o f the heated muscovite 
and i l l i t e and t h a t of the heated k a o l i n i t e suggests t h a t Fe^"^ 
i o n s occupy environments i n the anhydrous phases o f micas and 
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i l l i t e s s i m i l a r t o t h e i r environment i n r i e t a k a o l i n . The s i t e s 
are thought t o be c r t h o r h o r r i b i c a l l y d i s t o r t e d t e t r a h e d r a l s i t e s 
i s a d i s o r d e r e n s t r - : c t u r e determined p r i n c i p a l l y by the packing 
o f oxygen atoms, resembling i n e s s e n t i a l f e a t u r e s the s i t e s 
occupied by Fe^ "*" i n s i l i c a t e glasses. 
The observed increase i n the i n t e n s i t y of the broad 
resoance i n the heated b i o t i t e may be a t t r i b u t e d to the 
o x i d a t i o n of Pe^ "^  t o Fe^"^. 
These obse r v a t i o n s on the ESR s p e c t r a of micas and 
o t h e r n o n - k a o l i n i t e - g r o u p minerals are f a i r l y c o n s i s t e n t v/ith 
the r e s u l t s f o r k a o l i n i t e s , though some d i f f i c u l t i e s s t i l l 
rer.ain t o be overcome. These might w e l l be r e s o l v e d by f u t u r e 
i n v e s t i g a t i o n s along one or more of the l i n e s suggested i n 
57.3. 
7,3. Sur:f;estions f o r Future Work 
From the present study of the ESR spectra of c l a y m i n e r a l s , 
a f a i r l y comprehensive understanding o f the nature o f t h e 
paramagnetic species present i n n a t u r a l and i r r a d i a t e d clay-
m i n e r a l s has been made p o s s i b l e . Previous d i s c r e p a n c i e s and 
e r r o r s i n the i n t e r p r e t a t i o n of such spect r a have been c l a r i f i e d , 
Hov/ever, t h e r e i s s t i l l much work t o be undertaked b e f o r e a l l 
of the phenomena described i n t h i s t h e s i s may be s a t i s f a c t o r i l y 
and q u a n t i t a t i v e l y i n t e r p r e t e d . 
I t i s suggested t h a t more d e t a i l e d and thorough i n v e s t i g a t i o r 
of the e f f e c t of t r e a t i n g c l a y m i n e r a l s w i t h a v a r i e t y o f 
chemical species, i n c l u d i n g a c i d s , a l k a l i s and r e d u c i n g agents, 
might y i e l d f r u i t f u l i n f o r m a t i o n r e g a r d i n g the n a t u r e o f 
resonance Ao 
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More accurate ESR measurcrients on k a o l i n i t e s a t Q-band 
are r e q u i r e d . I n p a r t i c u l a r , ESR s t u d i e s o f a k a o l i n i t e s i n g l e 
c r y s t a l , provided t h a t a c r y s t a l s u f f i c i e n t l y l a r g e were 
a v a i l a b l e , would be o f g r e a t v a l u e . 
At p r e s e n t , l i t t l e work has been done on e i t h e r the o p t i c a l 
a b s o r p t i o n s p e c t r a or Iv^ttssbauer s p e c t r a o f k a o l i n i t e s and 
r e l a t e d m i n e r a l s sub;iected t o heat trearnment and d e h y d r o x y l a t i o n . 
Combined ESR, M5ssbauer, and o p t i c a l spectroscopic s t u d i e s o f 
k a o l i n i t e s subjected t o a v a r i e t y of chemical and ther m a l 
t r e a t m e n t s would undoubtedly prove of v a l u e . 
An i n v e s t i g a t i o n o f the ESR sp e c t r a o f s y n t h e t i c m i n e r a l s 
w i t h known, c o n t r o l l e d c o n c e n t r a t i o n s of paramagnetic i m p u r i t i e s 
would be o f gre a t importance. Such an i n v e s t i g a t i o n i s c u r r e n t l y 
i n progress i n these l a b o r a t o r i e s . 
I n a d d i t i o n , the e f f e c t o f heat treatment on v a r i o u s 
cation-exchanged forms of k a o l i n i t e might provide i n f o r m a t i o n 
r e g a r d i n g the nature of the g = 2.0 resonance. 
I^'iore d e t a i l e d s t u d i e s of the n a t u r e o f t h e d e f e c t c e n t r e s 
induced i n k a o l i n i t e s by X - i r r a d i a t i o n , i n p a r t i c u l a r o f the 
v a r i a t i o n s o c c u r r i n g i n the ESR s p e c t r a of samples heated t o 
d i f f e r e n t temperatures, w i l l undoubtedly y i e l d i n t e r e s t i n g 
r e s u l t s which may c o n t r i b u t e t o the knowledge o f the d i s o r d e r e d . 
X-ray amorphous, dehydroxylated phases of a l u m i n o s i l i c a t e s . 
I n v e s t i g a t i o n s of t h i s type are also c u r r e n t l y i n progress i n 
these l a b o r a t o r i e s . 
Conductance measurements on k a o l i n i t e s heated t o v a r i o u s 
temperatures might c l a r i f y the i n t e r p r e t a t i o n of resonance A, 
since i f i t were due to d e f e c t centres.- which are mo b i l e , t h e r e 
might be some observable c o r r e l a t i o n between t h e conductance 
and the i n t e n s i t y of the resonance. 
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F i n a l l y , a d e t a i l e d i n v e s t i g a t i o n of the ESR s p e c t r a o f 
s i n g l e - c r y s t a l micas a t X- and Q- band would be o f c o n s i d e r a b l e 
v a l u e . I n p a r t i c u l a r , the examination of micas i n v/hich some o f 
the h y d r o x y l groups are replaced by f l u o r i n e would be expected 
t o y i e l d a d d i t i o n a l i n f o r m a t i o n , since any paramagnetic species 
l o c a t e d w i t h i n the octa.hedral s i t e s would be expected t o e::hibit 
h y p e r f i n e i n t e r a c t i o n s w i t h the '*^ F n u c l e i ( I = • ^ ) . 
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APPENDIX 1 . SOLUTICM OF THE SPIM HAi/.lL'rONIAM APPLICABLE 
TO THE ESR SPECTKA 0? HIGH-SPIN ?e^'*' lOKS 
I n t h i s appendix the methods of s o l u t i o n are o u t l i n e d 
f o r the s p i n K a m i l t o n i a n used to i n t e r p r e t the ESR s p e c t r a 
of h i g h - s p i n Fe^"*" i o n s i n p o l y c r y s t a l l i n e m a t e r i a l s . The 
s p i n Hamiltonian i s 
e/5H-s + I5(S^^ - 1/3.S(S + D ) + E{sJ - Sy2) 
(A1.,1) 
Two approaches to the s o l u t i o n are c o n s i d e r e d : 
I . The P e r t u r b a t i o n Method 
T h i s method r e q u i r e s t h a t the z-.^ro*field terms i n (A1,1) 
a r e l a r g e compared to the Zeeman term, such t h a t the l a t t e r 
may be i n t r o d u c e d as a p e r t u r b a t i o n upon the e i g e n v a l u e s amd 
e i g e n v e c t o r s determined f o r the z e r o - f i e l d c a s e . The z e r o - f i e l d 
terms of (A1.1J a r e expressed i n m a t r i x form u s i n g the a p p r o p r i a t e 
P a u l i s p i n m a t r i c e s f o r the manifold of S= 5/2, S o l u t i o n of the 
a l g e b r a i c e i g e n v a l u e problem then y i e l d s the z e r o - f i e l d energy 
l e v e l s and v/ave-functions, the l a t t e r r e p r e s e n t i n g the admixture 
of the 'pure' s p i n s t a t e s due to the terms i n D and E, From 
t h e s e e i g e n f u n c t i o n s one may o b t a i n the p r i n c i p a l g-values 
f o r each allowed t r a n s i t i o n by the use of f i r s t - o r d e r p e r t u r b a t i o n 
t h e o r y . T h i s method has been d e s c r i b e d p r e v i o u s l y by V/ickman and 
1 2 coworkers and by Holuj , although t h e i r n o t a t i o n d i f f e r s 
s l i g h t l y from t h a t used h e r e . 
The z e r o - f i e l d p a r t of the Hamiltonian (A1.1) i s 
where S = 5/2 f o r the Fe'"*" i o n . I f one s e l e c t s as b a s i s 
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f u n c t i o n s the orthoncrmal s e t of ei;-enrunctions of the ope r a t o r 
S^, i . e . |m> , v;here m t a k e s the val-jes ± 5/2, i " 3 / 2 , j r 1/; 
and u s i n g the a p p r o p r i a t e P a u l i s p i n m a t r i c e s , w i t h an 
o r d e r i n g of the b a s i s f u n c t i o n s the matrix r e p r e s e n t a t i o n of 
equation (A1.2) i s : 
/J-I 
\ 2 ' 























(A1 . 3 ) 
The m a t r i x .is symmetric, and f a c t o r i s e s i n t o two i d e n t i c a l 
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S o l u t i o n of t?!C c e c u l a r equ.?tion 
/ /VI - ^ z / = o (^^•'•5) 
g i v e s f o r the ei^^envalues of V. the r o o t c of the c u b i c equation 
The e i g e n v a l u e s of .^^^ t h e r e f o r e c o n s i s t of three degenerate 
p a i r s , showing t h a t whatever the va l u e of X 9 the ^ ^^.^^ 
groundstate of the f e r r i c ion i s s p l i t i n t o t h r e e K r a n e r s 
d o u b l e t s . The e n e r g i e s of these doublets are e a s i l y e v a l u a t e d 
f o r the l i m i t i n g c a s e s of \= 0 ( a x i a l symmetry) and A = 1/3 
(cornplete orthorhor:roic syrr.n-.etry) s i n c e f o r these c a s e s (A1.6) 
i s f a c t o r i z a b l e . The e n e r g i e s of the three d c i ; b l e t s , i n terms 
of D, are 
= i V T D , 0 , z^/TT) ( A= 1/3) 
(-M.7) 
I n g e n e r a l , the ei.^enf-jnctions o f - ^ j ^ are l i n e a r combinations 
of the s t a t e s /m^ -, of the form 
(A1.8) 
v.'here i = 1, 2 , 3 l a b e l s the t h r e e doublets i n d e c r e a s i n g 
order of energy, and the a^, b^ and c^ ^ are f u n c t i o n s of A . 
These parameters may be c a l c u l a t e d f o r each p a r t i c u l a r v a l u e 
of X by r e w r i t i n g (A1.3) i n u n i t s of D and c a l c u l a t i n g the 
e i g e n f u n c t i o n s n u m e r i c a l l y . A l i s t of the e i g e n v a l u e s of ^ ^  
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toi'iether v;ith the corresponding v a l u e s of the admixture 
c o e f f i c i e n t s a^^, and c^, has been p u b l i s h e d ^ An extended 
l i s t , c a l c u l a t e d by the author u s i n g a prograrrime w r i t t e n i n 
FORTRAi: .and ru:n on an 11?::: 1130 c o n p u L c r , . i s given i n Table A1.1 
I f the Zeenan term i s now i n t r o d u c e d , the s e r o - f i e l d 
energy l e v e l s w i l l be s h i f t e d by arrour.ts g i v e n to f i r s t o r d e r 
by terms of the type 
(A1.9) 
I f these e x p r e s s i o n s are c a l c u l a t e d f o r each energy, l e v e l f o r 
the c a s e s when the magnetic f i e l d i s al i g n e d along each of the 
p r i n c i p a l axes of the system, the p r i n c i p a l g-values f o r the 
t r a n s i t i o n s between the s p l i t l e v e l s of each doublet are g i v e n 
by 
( g x ) i = Go ( 5 ^ i ^ 2 5a.c. + 4 2b.c, ) 
. ( g y ) i = (-1)^^'' go (3b.^ + 2 5a. c. - 4 2b. c. ) 
( g ^ ) ^ ( - 1 ) ^ " ^ go ( 5 a . ^ + b.^ - 3C.2 ) 
( A I 0 I O ) 
where = 2.0C23o Table A1.2 l i s t s the p r i n c i p a l g -values 
c a l c u l a t e d from (A1.10) f o r v a r i o u s v a l u e s of X • 
I I , E x a c t S o l u t i o n s . 
E x a c t computational s o l u t i o n s o f the s p i n Hamiltonian (A1,1) 
have been made by Bov/sing and Gibson^. A g e n e r a l i s e d programme 
based on the same p r i n c i p l e s has been developed by Dr.R^D.Dov/sing, 
who k i n d l y made the programmme a v a i l a b l e to the author^. The 
p r i n c i p l e s on which the method are based are d i s c u s s e d b r i e f l y . 
The m a t r i x r e p r e s e n t a t i o n of the s p i n Hamiltonian (A1.1) 
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i s s e t up w i t h i n the manifold of S = [3/2. For each s e t of 
parameters s e l e c t e d , the coinputer i s pro^^ranmed to c a l c u l a t e 
the magnetic f i e l d corror.ponding to each p o s s i b l e t r a n s i t i o n . 
T h i s i s done by an i t e r a t i v e technique i n which the r;,icro>vave 
quantum, h V , i s compared v/ith the energy s e p a r a t i o n betv/een 




where V/.^  i s the p r o b a b i l i t y of a t r a n s i t i o n between l e v e l i 
and l e v e l 3, and v/here S^ and S^ have the meanings defined by 
Dowsing and Gibson^, are a l s o c a l c u l a t e d . 
The r e s u l t s may be p l o t t e d i n the form of graphs of D 
v e r s u s resonance f i e l d , H, f o r each v a l u e of X and each 
d i r e c t i o n of the a p p l i e d magnetic f i e l d . 
The programme ESRS was used to c a l c u l a t e magnetic f i e l d 
v a l u e s and t r a n s i t i o n p r o b a b i l i t i e s corresponding to the 
e x a c t s o l u t i o n s of the' sp.in Hamiltonian ( A 1 . l ) f o r a microwave 
frequency of 9.27 GHz, f o r v a l u e s of X between 0 and 1/3, 
v a l u e s of D between 0.12 and 5.00 cm"^ and f o r magnetic f i e l d s 
between 0 and 15,000 gauss, f o r the c a s e s when the f i e l d i s 
a l i g n e d along each of the p r i n c i p a l d i r e c t i o n s x, y and z. 
From the data thus obtained, the b e s t f i t f o r the ESR 
spectrum a s s i g n e d to the Fe"^ '^  C entre I I i n k a o l i n i t e g i v e s 
f o r the parameters D and \ the v a l u e s 
>^  - 0.22 ± 0.01 ; D ^ 0 . 4 5 cm 
F i g s . A1.1a & b i l l u s t r a t e the graphs of D v e r s u s H f o r A = 0.22 
From them, i t can be seen t h a t the s h i f t i n the p o s i t i o n o f the 
resonance a s s o c i a t e d w i t h c e n t r e I I i n the Q-band spectrum 
_ 1 n o 
s e t s an upper l i r n i t of -j.bo'jt 0.6 c r r i " ' ' on the valu e of D f o r 
t h i s c e n t r e . For h i g h e r D v a l u e s , no s i g n i f i c a n t change i n 
the p o s i t i o n of the l i n e s a t Q-band i s p r e d i c t e d . T h e r e f o r e , 
f o r Centre I I i n k a o l i n i t e , one has the v a l u e s : 
D = 0.50 ± 0.10 cm""* 
E = 0.11 r 0.03 cm"'* 
X = 0.22 0.01 
For the Fe''**" c e n t r e I i n k a o l i n i t e , the presence of aJi approx-
i m a t e l y i s o t r o p i c l i n e a t g = 4.2 and X- and Q-band f r e q u e n c i e s 
i n d i c a t e s t h a t A ' * ' 1/3 and t h a t D ^ 0.8 c m " ^ • 
The exact s o l u t i o n s i n d i c a t e t h a t , both f o r the c a s e s 
\ = 0.22 and A = 0,333,that l o v ; - f i e l d l i n e s i n the r e g i o n 
of g = 9 are p r e d i c t e d , which may a r i s e from, an a n i s o t r o p i c 
t r a n s i t i o n between the l e v e l s of e i t h e r the h i g h e s t or l o w e s t 
doublet. ( F o r v a l u e s of D more than a few times the Zeeman 
energy, which corresponds to 0,31 cm ~^ approximately f o r X-band, 
the s o l u t i o n s of Dowsing and Gibson^ and V/ick:ian and coworkers'* 
c o i n c i d e . ) 
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Table A1.1. E i g e n v a l u e s and e i g e n f u n c t i 0 n s i or t>ie s p i n 
Hamiltonian D ( s / - 1/3 S(S -f 1 ) ) + E 
E i g e n v a l u e s given i n u n i t s of D ( ctn"^ ) ; e i g e n f u n c t i o n s i n 
the n o t a t i o n /V^ ^^ > = 1 i - <t ^  1 














































































































Table A . 1 .1 ( c o n t i n u e d ) 
E i g e n v a l u e ^ i V. " i 
0.18 3.388 0.9952 0.0958 0.0180 
-0.417 0.0471 -0.3104 -0.9194 
-2.971 0.0854 -0.9458 0.3134 
0.20 3.401 0.9940 0.1067 0.0223 
-0.368 0.0567 -0.3319 -0.9416 
-3.034 0.0931 - 0.9373 0.3360 
0.22 3.416 0.9927 0.1177 0.0269 
-0»316 0.0669 - 0 .3510 - 0.9340 
-3.100 0.1005 - 0.9239 .0.3563 
0.24 3.432 0.9912 0.1287 0.0320 
-0.262 0.0777 - 0.3679 - 0.9266 
-3.169 0.1075 - 0.9209 0.37.47 
0.26 3.449 0.9895 0.1398- 0.0375 
-0.208 0.0889 - 0.3828 - 0.9196 
-3.242 0.1142 - 0.9132 0.3912 
0.28 3.469 0.9876 0.1509 0.0434 
-0.152 0.1006 - 0.3958 -0.9128 
-3.317 0.1206 - 0.9059 0.4060 
0.30 3.489 0.9855 0.1621 0.0497 
-0 .095 0.1126 - 0.4071 -0.9064 
-3.394 0.1268 -"0.8989 0.4194 
0 .32 3.512 0.9832 0.1734 0.0563 
-0.038 0.1251 -0.4168 -0.9003 
-3.474 0.1326 -0.8923 0.4316 
0.333 3.538 0.9816 0.1810 0.0610 
0.000 0.1336 -0.4226 -0.8964 
-3.538 0.1364 -0.8881 0.4390 
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Table A1.2, P r i n c i p a l c - v a l u e s f o r each of the Kramers' 
doublets f o r v a r i o u s v a l u e s c f X i"-"'- t h e s p i n l i a . T i i l t o n i a n 
( A1.1). (1 = upper doublet ; 2 = middl..? d o i ^ b l e t ; 3 - Icv/e: 














































































































































































































F i g . A l . l a , P l o t of resonance magnetic f i e l d (K^^^) a g a i n s t 
r e s 
D (cm""*) f o r A= 0.22 , microwave frequency = 9.27 GHz, 
e f f e c t i v e s p i n = 5/2, and f o r H p a r a l l e l to y and z a x e s . 
y ( i - > j ) r e p r e s e n t s the t r e m s i t i o n between the i t h and j t h 
energy l e v e l , l a b e l l e d i n order of d e c r e a s i n g energy, when H i s 
p a r a l l e l to y a x i s . 
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F i g , A1.1b. P l o t of resonance magnetic f i e l d (H _) a g a i n s t 
r e s 
D (cm"^) f o r A = 0.22, microwave frequency = 9.27 
GHz, e f f e c t i v e s p i n = 5/2, and f o r H p a r a l l e l to 
x - a x i s . X ( i - > 3 ) r e p r e s e n t s the t r a n s i t i o n between 
the i t h and j t h energy l e v e l , l a b e l l e d i n o r d e r of 
d e c r e a s i n g energy. 
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AFPEl^'DIX 2. DZ-PENDEKC5 OF ZERO-FIELD SPLITTIIiG PARAMETERS, 
D and E, UPON CHOICE OF ivAGKETIC AXIS SYSTEi/:. 
C o n s i d e r the s p i n Hamiltonian c o n t a i n i n g only the two 
second-order z e r o - f i e l d s p l i t t i n g terms, whose s o l u t i o n has 
been o u t l i n e d i n Appendix 1 : 
£ ^ = D ( s / . 1/3 S ( S + D ) + E(S^2 - Sy2) (A2.1) 
Using the well-known r e s u l t of quantum mechanics t h a t S 
S.S = S^^ + Sy^ + = S(S + 1) (A2.2) 
one may r e w r i t e equation (A2,1) i n the form 
where a = E - D 
5 
b = -E -D 
3 
2D (A2.4) 
From equations (A2.4) one o b t a i n s 
E = -^(a - b) and D = 3c/2 (A2.5) 
From these r e l a t i o n s h i p s , i t i s c l e a r t h a t the p a r t i c u l a r 
v a l u e s of E, D and /\ = E/D obtained from the f i t t i n g of 
e s p e r i m e n t a l ESR data to a s p i n K a m i l t o n i a n of the form of 
(A2.1) w i l l be dependent on the p a r t i c u l a r system of l a b e l l i n g 
used to denote the magnetic a x e s . I t i s c o n v e n t i o n a l to l a b e l 
such axes to conform to a right-handed C a r t e s i a j i system, and 
i n c a s e s where t he g-tensor has a x i a l symmetry i t i s u s u a l t o 
s e l e c t z as the symmetry a x i s . However i n c a s e s of lower 
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than a x i a l symmetry, no c o n s i s t e n t system has been adopted 
by workers i n the f i e l d . A r b i t r a r i n e s s i n the choice of 
magnetic axes may e a s i l y l e a d to c o n f u s i o n or to erroneous 
i n t e r p r e t a t i o n s o f e x p e r i m e n t a l r e s u l t s . The adoption o f 
a s t a n d a r d system of l a b e l l i n g of magnetic axes i s t h e r e f o r e 
d e s i r a b l e . T h i s p o i n t has been d i s c u s s e d p r e v i o u s l y by 
Blumberg , who suggested d e f i n i n g the "proper a x i s system" 
as the one i n which E ^ 0, and the v a l u e of |E/D) has i t s 
minimum v a l u e . I n t h i s system, the magnitude of bonding or 
l i g a n d f i e l d s t r e n g t h along each of the t e n s o r axes d e c r e a s e s 
i n the order z > x > y . I t can be r e a d i l y shovm t h a t i n t h i s 
a x i s system, a l l f i e l d s of a x i a l symmetry or lower can be 
r e p r e s e n t e d oy v a l u e s of X between 0 ( a x i a l ) and 1/3 
( c o m p l e t e l y orthorhombic). T h i s system has been used throughout 
the p r e s e n t work. However, the r e l a t i o n s h i p s between the v a l u e s 
of E , D and X ^'or a l l p o s s i b l e a x i s systems c o r r e s p o n d i n g 
to the s p i n Hamiltonian (A2.1) can be e a s i l y e v a l u a t e d and 
a r e g i v e n h e r e . 
From symmetry c o n s i d e r a t i o n s , i t can be shown t h a t o f 
a l l the p o s s i b l e ways of l a b e l l i n g t h r e e orthogonal d i r e c t i o n s 
to o b t a i n a right-handed s e t of C a r t e s i a n axes, t h e r e a r e only 
s i x i n e q u i v a l e n t s e t s of axes to which equation (A2.1) may 
be r e f e r r e d , c orresponding to each of the permutations of 
the axes x, y and One may denote these as the s e t 
S ^  ( i = 1-^6) where = O^^yi^^ 
and d e f i n e the system S^ to be the proper a x i s system as 
d e s c r i b e d above. Each system S^ may then be converted to the 
proper axes system by permuting the axes a c c o r d i n g to the 
a p p r o p r i a t e t r t i n s f o r m a t i o n T ^ ( i = as given below. 
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^1 : ^1 X ; y^ y ; 2^ _9 z ; 
T2 : X2 - > X ; y >^  2 . y ; 
T3 : x, y ; y x ; z^ —> z 
^4 ' ^4 y ' ^4--^ 2 ; Z 4 ~ > X ; 
T5 : X5 z ; y5 — . x ; — > y ; 
^6 • ^ 6 - ^ 2 ; Yc, —y y ; 2, — > X 
(A2.6) 
The r e l a t i o n s h i p s betv/een the v a l u e s of E^, and A 
i n the system and those i n the proper a x i s system a r e g i v e n 
i n T a b l e A2.1 ; Table A2.2 g i v e s comparative n u m e r i c a l v a l u e s 
o f f o r each a x i s system. From Table A2.2 i t can be seen 
t h a t each a x i s system i s c h a r a c t e r i z e d by a p a r t i c u l a r and 
e x c l u s i v e range of v a l u e s of ^ The s e l e c t i o n of the r e q u i r e d 
permutation of axes n e c e s s a r y to convert data from any improper 
a x i s system i n t o the proper a x i s system may be made; immediately 
and u n i q u e l y merely from the v a l u e of the parameter X ^ i n 
the improper a x i s system. F o r example, the r e s u l t s o f C a s t n e r 
and coworkers'' f o r the ESR s p e c t r a of Fe^"*" i n s i l i c a t e g l a s s e s 
were based on the system l a b e l l e d i n t h i s n o t a t i o n ; on 
making the t r a n s f o r m a t i o n T^, the r e s u l t s E^ ^ 0 , «r 0, 
X4 ~ ^ correspond to the v a l u e s \^ = E^/D.^ = 1/3 
i n the proper aixis system. 
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Table A2.1. Values, of E, D and A i n the Proper A x i s 
System i n Terms of t h e i r Values i n Each 
A x i s System. 
^6 
^1 KDg.Eg) 
^1 -iCD2+3E2J -^^05-325) -KDg-3Eg) 
>i 1 - ^2 
1 + 3^2 
-A3 .V - 1 1 
^ - 5A6 
Tabl e A2.2. Comparison Betv/een Numerical Values of 
A i n :-;ach A x i s System 
A. 
0 1 0 1 -1 -1 
0.1 0.69 -0.1 1.57 -0.69 -1.57 
0.2 0.50 -0.2 3.00 -0.50 -3.00 
0.3 0.41 -0.3 13.00 -0.41 -43.00 
0.333 0.333 -0.333 C>0 -0.333 
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E L E C T R O N S P I K R E S O N A N C E S T U D I E S O F K A O U ^ S 
B . R . A n g e l and X . L . H a i l 
D e p a r t m e n t of P h y s i c a l S c i e n c e s 
P l y m o u t h P o l y t e c h n i c , P l>Tnouih , O e \ o n , E n g l a n d 
A B S T R A C T , - P r e ' . i o u s s t u d i e s of e l e c t i o n s p i n r e s o n a n c e in 
c l a y m i n e r a l c have been e x t e n d e d . T h e m o s t i n t e n s e f e a n i r o s of the 
s p e c t r a of t h r e e c l a y s , c e n t r e d at g - v a l u e s of 2,0 and 4 . 2 , a r e not 
s i g n i f i c a n t l y - f f c c t e d by the p r e s e n c e of e x c h a n g e a b l e cp. i ions , o r -
g a n i c m a t t e r o r m i n e r a l o g i c a l i m p u r i t i e s , e x c e p t f o r v a r i a t i o n s in 
the l i n e s h a p e and i n t e n s i t y of tlie g = 4 , 2 f e a t u r e c a u s e d by the 
p r e s e n c e of m i c a c e o u s i m p u r i t i e s , w h i c h c o u l d be r e p r o d u c e d by 
m i x i n g k a o l i n i i e w i th p o w d e r e d m u s c o \ i t e in var>-ing p r o p o r t i o n s . 
B y s t u d j ' i n g the c h a n g e s in tiie E . S . R . s p e c t r a of the s a m p l e s 
c a u s e d by p r e f e r e n t i a l o r i e n t a t i o n , X - i r r a d i a i i o n , o r t h e r m a l t r e a t -
m e n t , it i s c o n c l u d e d that the o b s e r v e d f e a t u r e s m a y be a t t r i b u t e d 
to Fe^"'" i ons o c c u p y i n g t h r e e d i s t i n c t s i t e s in the k a o l i n i t e s t r u c t u r e , 
t o g e t h e r with s m a l l con ir - ibut ions f r o m t r a p p e d hole c e n t r e s . 
M a r k e d c h a n g e s in the s p e c t r a o c c u r f o r s a m p l e s h e a t e d at o r 
a b o v e the d e h y d r o x y l a t i o n t e m p e r a t u r e , a n d a r e o i s c u r s e d :n t e r m s 
of the k a c l i n i t e - m e t a k a o l i n p h a s e t r a n s f o r m a t i o n . 
I N T R O D U C T I O N 
R e l a t i v e l y few r e p o r t s of e l e c t r o n s p i n r e s o n a n c e ( E S R ) in c l a y 
m i n e r a l s have been p u b l i s h e d . B o e s m a n a n d S c h o e m a k e r (1961) r e -
p o r t e d two r e s o n a n c e s c o m m o n to a n u m b e r of k a o l i n s : a 3 - l i n e 
r e s o n a n c e c e n t r e d a i g = 4 . 2 , a t t r i b u t e d to Fe^"*" r e p l a c i n g Si^-* i n 
d i s t o r t e d t e t r a h e d r a l s i t e s , and an a s y m m e t r i c 2 - U n e r c s o i j a n c e at 
g = 2 . 0 a i i r i h u i e d to Fe-^"^ r e p l a c i n g .^ l3"*" i n a x i a l i y d i s t o r c e d o c t a h e -
d r a l s i t e s . I n contra-^t , F r e i d l a n d c r e t . a l . (19G3) s u g g e s t e d that 
r e s o n a n c e s at g = 2 . 0 i n s a m p l e s of k a o l i n i t e , i l l i t e a n d m o n i m o -
r i l l o i i i t e w e r e due to f r e e r a d i c a l s p o s s i b l y r e l a t e d to h u m i c a c i d s 
71 
p r e s e n t in r e s i d u a l o r g a n i c m a i l e r . H o w e v e r , W a u c h o p e and I l a q u e 
(1971) s h o w e d +hai ihe r e s o n a n c e s at g = 2, 0 in k a o l i n i l e and m o n t -
m o r i l i o n i i e w e r e u n a f f e c t e d by c h l o r o f o r m o x t r a c l i o n o r o x i d i s i n g , 
a g e n i s , and t h e r e f o r e s u g g e s t e d that they w e r e due to p a r a m a g n e t i c 
d e f e c t s l o c a t e d w i t h i n the c l a y m i n e r a l s t r u c t u r e s . H a l l . A n g e l a n d 
B r a v e n (1972) i n v e s t i g a t e d the E S R s p e c t r a of a c l o s e l y r e l a t e d S o u t h 
D e v o n b a l l c l a y and l i g n i t e and s o l v e n t e x t r a c t s f r o m both m a t e r i a l s , 
a n d s h o w e d that r e s o n a n c e s due to s t a b l e o r g a n i c f r e e r a d i c a l s o c c u r -
r e d in e a c h f r a c t i o n but c o u l d not a c c o u n t f o r the a s y m m e t r i c g = 2 , 0 
r e s o n a n c e in the b a l l c l a y . 
A d e t a i l e d E S R s tudy of an i l l i t i c m i c a ( M a t y a s h et . a l , . 1969) 
h a s i n d i c a t e d the p r e s e n c e of a r e s o n a n c e at g = 4 . 3 7 c h a r a c t e r i s t i c of 
i s o l a t e d Fe*^* i o n s o c c u p y i n g s i t e s of o r t h o r h o m b i c s y m m e t r y , t o g e -
t h e r w i th a b r o a d r e s o n a n c e at g = 2 . 0 3 c h a r a c t e r i s t i c of s t r o n g e x -
change i n t e r a c t i c n s be tween c l u s t e r s of p a r a m a g n e t i c c e n t r e s . S i m i l a r , 
r e s o n a n c e s h a v e b e e n o b s e r v e d in m u s c o x - i l c and ph logop i i e ( K e m p „ 
1971) and in a s y n t h e t i c f l u o r o p h l o g o p i i e ( N o v o z h i l o v e l . a l . , 1970) . 
None c f the p r e v i o u s s t u d i e s have c o n s i d e r e d the p o s s i b l e e f f e c t 
of m i n e r a l o g i c a l i m p u r i t i e s , point d e f e c t s , e x c h a n g e a b l e c a t i o n s o r t h e 
p o s s i b i l i t y of p r e f e r r e d o r i e n t a t i o n upon the E S R p h e n o m e n a . In the 
p r e s e n t w o r k , an ha t t empt h a s been m a d e to c l a r i f y the i n t e r p r e t a t i o n 
of the E S R s p e c t r a of n a t u r a l and c a l c i n e d k a o l i n s t a k i n g t h e s e f a c -
t o r s into a c c o u n t . 
E X P E R I M E N T A L 
T h e s a m p l e s i n v e s t i g a t e d in t h i s w o r k c o n s i s t e d of two k a o l i n s 
a n d one b a l l c l a y . T h e k a o l i n s , s u p p l i e d by E n g l i s h C l a y s , L o v e r i n g , 
P o c h i n & C o . L t d . , S t . A u s t e l l , E n g l a n d , c o n s i s t e d of n St . A u s t e l l 
c l a y of p a r t i c l e s i z e d i s t r i b u t i o n 94% < 2 e . s . d . , a n d a G e o r g i a c l a y 
w h i c h w a s p r e d o m i n a n t l y < 5 / i e. s . d . 
T h e b a l l c l a y , s u p p l i e d by W a t t s , B l a k e , D e a r n o ^ C o . L t d . , 
Newton Abbot , D e v o n , E n g l a n d , i s a s a m p l e t y p i c a l of the South D e v o n 
b a l l c l a y s and h a s been d e s c r i b e d e l s e w h e r e ( H a l l , A n g e l and B r a v e n , 
1972) . T h e a n i i l y s e s of the c h e m i c a l a n d m i n c r a l o g i c a l c o m p o s i t i o n o f 
t h e s e s a m p l e s a r e g iven in T a b l e I . 
T h e E S R sp^^ctra r e p o r t e d h e r e w e r e a l l r e c o r d e d at X - b a n d . 
S p e c t r a of the t i i r e e c l a y s a m p l e s c o v e r i n g the m a g n e t i c f i e l d r a n g e 
0 - 6 i ;G a r e i l l u s t r a t e d in F i g . 1, w h i c h s h o w s the two p r i n c i p a l r e -
s o n a n c e s at ^ - 2 . 0 ( A ) and g = 4. 2 ( B ) . 
T h e s p e c t r a of the t h r e e c l a } H d i f f e r m a i n l y in the r e l a t i v e i n t e n -
s i t i e s of r e s o i i a n c c i i A end D , a n d in the l i r . c s l i . i p c a s s o c i a t e d w i t h r e -
s o n a n c e B , the c e n t r a l l ine at g = 4. 2 be ing m o r e i n t e n s e in the G o o r -
Hia k a o l i n i t e and the South D( von b a l l c l a y , 'i he G e o r g i a k a o l i n i t e c x -
l i i b i i s a n u m b e r o i a d d i t i o n a l weak r e s o n a n c e l i r e s c e n t r e d at about 
= 2 . 0 ( C ) , d u e i o . a v a n a d i u n i m p u r i t y . A n i n v e o t i g a t i o n by the a u -
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T A B L E J , C h e m i c r t l and n r i j n e r a l o c i c a l a n a l y s e s of S o m p l e s . ( T o 
taJ i r o n c o n c c i u r a i i o n c a l c u i a i e d a s F e 2 0 3 ) , 
St . A u s t e l l G e o r g i ? . S , D e v o n 
K a o l i n i t e k a o l i n i t p b a l l c l a v 
S i O ^ 4 6 . 6 - 4 8 . 5 
A1203 3 8 . 3 38 . 6 3 1 . 9 
F e 2 0 3 0 , 4 9 0 . 4 6 1 . 0 8 
T i 0 2 0. 05 1 . 7 5 0 . 9 0 
M g O 0 . 2 0 - 0. 28 
C a O 0 . 2 0 - 0. 15 
K j O 0. 68 - 1 . 6 8 
N a 2 0 0 . 0 7 - 0 . 2 0 
I g n 1 3 . 4 - 1 5 . 6 
K a o l i n i t e 94% 98% 6 7 , 5 % 
M i c a / I l l i t e 5 - 6% 1% 19% 
Q u a r t z - * 7 . 5 % 
A n a t a s e - 1% 
R u t U e - T r . 
C a r b o n a c e o u s T r . • 6% 
m a t t e r 
t h o r s of s i m i l a r r e s o n a n c e s in a n u m b e r of c l a y m i n e r a l s i s to be r e -
p o r t e d s h o r t l y , a n d the l i n e s a r e not c o n s i d e r e d f u r t h e r h e r e . 
W a s h i n g the c l a y s wi th d i lu te a c i d s o r p r e p a r a t i o n of t h e i r h y -
d r o g e n - e x c h a n g e d f o r m s p r o d u c e d no c h a n g e s in the s p e c t r a . In a d -
d i t i o n , the on ly e f f e c t of r e m o v i n g p a r t of the m i c a c e o u s i m p u r i t i e s 
f r o m the S t . A u s t e l l k a o l i n i t e by m a g n e t i c e x t r a c t i o n w a s to p r o d u c e a 
v e r y s l i gh t r e d u c t i o n in the i n t e n s i t y of the c e n t r a l peak of r e s o -
n a n c e B . 
R e m o v a l of the o r g a n i c m a t t e r f r o m the b a l l c l a y by s u c c e s s i v e 
b e n z e n e - m e t h a n o l e x t r a c t i o n and h y d r o g e n p e r o x i d e t r e a t m e n t had on ly 
a m a r g i n a l e f f ec t on r e s o n a n c e s A a n d B ( H a l l , A n g e l and B r a v e n , 1 9 7 2 ) . 
S i m i l a r t r e a t m e n t s a p p l i e d to the two k a o l i n i t e s had no e f f e c t on the 
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F i g u r e 2 . E S R s p e c t r a of the g = 2 . 0 r e g i o n of S t , A u s t e l l 
k a o l i n i l e (a) at r o o m t e m p e r a t u r e ; (b) at 7 7 e K , 
T h e r e s o n a n c e s A a n d B w c r e s t u d i e d in m o r e d e t a i l a n d a r e . low 
c o n s i d e r e d in t u r n . F i g . 2 ( a ) i l l u s t r a t e s r e s o n a n c e A of S t . A u s t e l l 
k a o l i n i t e at r o o m t e m p e r a t u r e on an e x p a n d e d s c a l e . T h e o b s e r v e d 
l i n e s h a p e i s c h a r a c t e r i s t i c o f a p a r a m a g n e t i c c e n t r e i n a n a x i a l l y s y m -
m e t r i c e n \ ' i r o n m e n t in a p o w d e r s a m p l e ( S e a r l e t . a l . , 1&61). F r o m 
the s p e c t r u m we obta in the p r i n c i p a l v a l u e s of the g - t e n s o r a s " 
= 2.0*49 1 0 . 0 0 1 ; g^ = 2 , 003 ± 0 . 0 0 1 . 
T h e m e a s u r e d c o n c e n t r a t i o n of u n p a i r e d s p i n s c a l c u l a t e d by a n u -
m e r i c a l double i n t e g r a t i o n t e c h n i q u e ( H a l l , 1972) i s a p p r o x i m a t e l y 
3 . 2 X 10^2 s p i n s / g r a m . The- on ly c h e m i c a l l y d e t e c t a b l e p a r a m a g n e t i c 
i m p u r i t y v /h ich c o u l d a c c o u m f o r a r e s o n a n c e w i t h t h i s i n t e n s i t y i s i r o n . 
T h e p r e s e n c e of point d e f e c t s c o u l d p r o v i d e an a l t e r n a t i v e e x p l a n a t i o n . 
F i g s . 2 (a) and 2 fb) s h o w tha i at l e a s t s i x w e a k l i n e s a r e o b s e r v -
ed b e t w e e n the m a i n p e a k s of r e s o n a n c e A and a r e c o n s i d e r a b l y e n -
h a n c e d when the s a m p l e i s c o o l e d to 7 7 9 K . T h i s e f f e c t w a s c o m m o n to 
a l l t h r e e s a m p l e s , P r e h e a t i r g the c l a y s f o r 24 h o u r s at 2 0 0 5 C o r f o r 
2 h o u r s at 3 0 0 2 C r e m o v e d \.\e s u b s i d i a r y l i n e s without c a u s i n g any 
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m e a s u r a b l e c h a n g e s in the m a i n p e a k s . In c o n t r a s t , i r r a d i a t i o n of u n -
t r e a i e d and h e a i e d c l a y s w i t h 40 k V X - r a y s r e p r o d u c e d a n d c o n s i d e -
r a b l y e n h a n c e d the s u b s i d i a r y l i n e s without c a u s i n g a n y change to the 
m a i n p e a k s . It w a s c o n s i d e r e d p r o b a b l e , t h e r e f o r e , i h a i a point d e f e c t 
c h a r a c t e r i z e d by a r e s o n a n c e w i t h a p o s i t i v e g - s h i f l , s u c h a s a v a c a n c y 
o r t r a p p e d ho le c e n t r e , c o n t r i b u t e d to the g = 2 . 0 r e s o n a n c e at r o o m 
t e m p e r a t u r e and u e l o w , a n d w a s a n n e a l e d in the h e a t e d s a m p l e s . A 
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F i g u r e 3 . E S R s p e c t r a of S t . A u s t e l l k a o l i n i t e p r e s s e d d i s c (g = 2.0 
r e g i o n ) v/ith a p p l i e d m a g n e t i c f i e l d (a) p e r p e n d i c u l a r and (b) p a r a l l e l 
to d i s c p l a n e . 
A coi:iple*.e i n v e s t i g a t i o n of the n a t u r e of the m a i n a s y m m e t r i c 
r e s o n a n c e A w a s not p o s s i b l e s i n c e no sin^-^le c r y s t a l s of k a o l i n i t e l a r g e 
enough l o r s t u d i e s of xhe e f f e c t of c r y s t a l or ionta i . i on on the E S R s p e c -
t r a w o r e a v a i l a b l e . j N c v c r t h e l o s s v a l u a b l e i n f o r m a t i o n w a s o b t a i n e d by 
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i n v c ' s t i c a t i i i g the eff-^cts of p a r t i a l a l i g n m e n t of a bulk s a m p l e . S a m p l e s 
of S t . A u s t e l l k a o l i n i t e w e r e p r e s s e d into d i s c s u s i n g a h y d r a u l i c 
p r e s s . A f a i r l y h igh d e g r e e of p r e f e r e n t i a l o r i e n t a t i o n w a s o b t a i n e d , 
w i th the b a s a l p l a n e s of :he p a r t i c l e s p r e d o m i n a n t l y in o r n e a r to the 
d i s c p U i i e . T h e E S R s p e c t r a of the d i s c s w e r e then r e c o r d e d at r o o m 
t e m p e r o t u r e w i t h the d i s c s o r i e n t a t e d e i t h e r p e r p e n d i c u l ^ t r o r p a r a l l e l 
to the a p p l i e d m a g n e t i c f i e l d , c o r r e s p o n d i n g to the m a g n e t i c f i e l d be ing 
a l i g n e d e i t h e r a p p i o x i m a t e l y p a r a l l e l o r p e r p c n a i c u l a r to the k a o l i n i t e 
c - a x i s . T h e s p e c t r a a r e i l l u s t r a t e d in F i g s . 3 (a) and 3 ( b ) . r e s p e c t i -
v e l y . 
T h e r e s u l t s c l e a r l y i n d i c a t e an e n h a n c e m e n t of e a c h of the c o m -
ponent l i n e s in t u r n , the l ine at the l o w e r f i e l d v a l u e ( c o r r e s p o n d i n g to 
g p ) b e i n g e n h a n c e d w h e n the m a g n e t i c l i c l d i s a p p r o x i m a t e l y p e r p e n -
d i c u l a r to the d i s c p l a n e ( F i g . 3 (a)) and the l i n e at the h i g h e r f i e l d v a -
l u e ( c o r r e s p o n d i n g to g^ l^ be ing e n h a n c e d when the f i e l d i s p a r a l l e l to 
the p l a n e of the d i s c ( F i g , 3 ( b ) ) . T h e s e r e s u l t s i n d i c a t e that the a x i s 
of s y m m e t r y of the c e n t r e l i e s c l o s e to the k a o l i n i t e c - a x i s . In a d d i t i o n , 
it i s notab le that the i n t e n s i t y a n d r e s o l u t i o n of the l i n e s w h i c h c a n be 
a t t r i b u t e d to a ho le c e n t r e a r e e n h a n c e d when the m a g n e t i c f i e l d i s p e r -
p e n d i c u l a r vo the d i s c p l a n e . 
R e s u l t s s i m i l a r to those j u s t d e s c r i b e d w e r e obta ined u s i n g a 
s a m p l e in w h i c h p r e f e r r e d o r i e n t a t i o n w a s o b t a i n e d by s e d i m e n t a t i o n 
f r o m C o l o m b i a . S o u t h A m e r i c a , 
F o r the r e s o n a n c e s in the r e g i o n of g = 4 . 2 , p r e v i o u s s t u d i e s 
( H a l l . A n g e l a n d B r a v e n , 1972) h a v e s h o w n that Fe*^"* - o r g a n i c c o m -
p l e x e s m a k e on ly a s m a l l c o n t r i b u t i o n to the E S R s p e c t r u m of the b a l l 
c l a y . F u r t h e r m o r e , the two k a o l i n s c o n t a i n e d l i t t l e o r no o r g a n i c m a t -
t e r . It w a s t h e r e f o r e c o n s i d e r e d u n l i k e l y that s u c h s p e c i e s c o u l d a c -
RESONANCE 
F i g u r e 4 . R e s o n a n c e B in k a o l i n i t e - m u s c o v i t e m i x t u r e s , (a) 0% m u s 
c o v i t e , (b) 10%. (c ) 20%. (d) 30%. 
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count f o r the m a r k e d v a r i a t i o n s in l i n e d h a p e a n d i n t e n s i t y of the r e s o -
n a n c e s in the t h r o e c l a y s r e p o r t e d h e r e . H o w e v e r , the o c c u r r e n c e o f 
r e s o n a n c e s Ui the g = 4. 2 r e g i o n i n m i c a s h a v e been r e p o r t e d ( M a t y a s h 
et . a l . . 1969) , a n d the e f f e c t of m i c a c e o u s i m p u r i t i e s w a s t h e r e f o r e 
t a k e n into c o n s i d e r a t i o n . 
I n t h i s w o r k , the e f f e c t of s u c h i m p p r i t i e s on r e s o n a n c e B w a s 
e i u d i e d by r e c o r d i n g the E S R s p e c t r a of m i x t u r e s of S t . A u s t e l l k a o l i -
n i te wi th p o w d e r e d m n s c o v i t e . D i f f e r e n c e s in the l i n e s h a p c of r e s o -
n a n c e B s i m i l a r to t h o s e o c c u r r i n g b e t w e e n the n a t u r a l c l a y s w e r e 
e a s i l y d e m o n s t r a t e d . In F i g . 4 ( a ) - (d) the s p e c t r a of m i x t u r e s c o n t a i n -
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P l a n e , , c j P r e s s e d d i s c , H p a r a l l e l to d i s c p l a n e . 
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T h e s e r e s u M s pvo^^^d** one e x p l a n a i i o i i f o r the f U f j e r c a c e s i n l i n e -
s h a p e b e t w e e n the b u l l c l a y ( c o n t a i n i n g - 1 9 m i c a ) a n d the S t . A u s t e l l 
k a o l i n i t e ( c o n t a i n i n g - a m i c a ) , but i s not c o n s i s i e n t f o r i h c G e o r g i a 
k a o l i n i t o , w h o s e m i c a content i s e x t r e m e l y low, r.nd yet h a s a l i n c s h a p e 
s i m i l a r lo that of the b a l i c l a y , though of l o w e r i n t e n s i f y . A n o t h e r e f -
fec t w a s t h e r e f o r e sought in o r d e r to f u l l y e x p l a i n the o b s e r v e d v a -
r i a t i o n s in i i n e s h a p e f o r n i l t h r e e s a m p l e s . 
B y r e c o r d i n g the l o w - f i e l d r e g i o n of the s p e c l r u r . i oi S t . A u s t e l l 
k a o l i n i i e at ll^K i i v .as p o s s i b l e to r e s o l v e a f o u r t h l ine ( F i g . 5 ( a ) ) . 
T h e g - v a i u e s of thf,- f o u r l i n e s w e r e e s t i m a t e d a s b e i n g a p p r o x i m a t e l y 
4 , 9 , 4 . 2 , 3 . 7 and 3 . 0 . In a d d i t i o n , it w a s found that f o r the p r e s s e d 
d i s c s , r e g a r d l e s s of the o r i e n t a t i o n w i t h r e s p e c t t o t h e m a g n e t i c f i e l d , 
the i n t e n s i t y , s h a p e and p o s i t i o n of the l i n e at ^ = 4 . 2 r e m a i n e d c o n -
s t a n t , w h i l e s i g n i f i c a n t c h a n g e s o c c u r r e d i n t h e r e m a m d e i of thr^ s p e c -
t r u m ( F i g s . 5 ( b ) - 5 ( c ) ) . 
RESONANCE B RESONANCE A 
30cfc 4ocfc socfc 
3 0 0 V . 
4 0 0 ' ' C 
5 0 0 X 
F i g u r e 6. E S R s p e c t r a of h e a t e d S t . A t . s l e l l k a o l i n i t e (a) 24 h r s . at 
3 0 0 O C ; (b) 2^ h r s . at 4 0 0 ° C ; (c) 24 h r s . at oOO'-C. 
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T h e s e r e s u l t s s u g g e s t that r e s o n a n c e B i s p r o b a b l y a c o m p o s i t e 
f e a t u r e due to two o v e r l a p p i n g r e s o n a n c e s a r i s i n g f r o m two d i s t i n c t 
c e n t r e s : 
C e n t r e I : a s y s t e m g i v i n g a s i n g l e i s o t r o p i c l i n e at g = 4 . 2 , 
C e n t r e H : a s y s t e m g i v i n g t h r e e l i n e s h a v i n g p r i n c i p a l g - v a l u e s 
g ^ - 4 . 9 ; g^ = 3 . 7 ; = 3 . 5 
T h e o r e t i c a l c o n s i d e r a t i o n s w h i c h f a v o u r t h i s a s s i g n m e n t a r e i n -
c l u d e d in the d i s c u s s i o n . 
F u r t h e r s u p p o r t i n g e v i d e n c e f o r the e x i s t e n c e of c e n t r e s I and I I 
w a s o b t a i n e d by s t u d y i n g the e f f e c t of t h e r m a l t r e a t m e n t on the E S R 
s p e c t r a . 
S a m p l e s of S t , A u s t e l l k a o l i n i t e w e r e h e a t e d in a i r f o r 24 h o u r s 
at v a r i o u s t e m p e r a t u r e s up to l O O O ^ C , M a r k e d c h a n g e s in the s p e c t r a 
o c c u r r e d f o r s a m p l e s h e a t e d at o r above the dehydrox>- lat ion t e m p e -
r a t u r e . F i g , 6 i l l u s t r a t e s the s p e c t r a of S t . A u s t e l l k a o l i n i t e in the r e -
g ions of g = 4, 2 a n d g = 2 . 0 a f t e r h e a t i n g at v a r i o u s t e m p e r a t u r e s . 
It c a n be s e e n that the s p e c t r u m c h a r a c t e r i s t i c of t l ic u n h e a l e d 
c l a y p e r s i s t s up to p r e - h e a t i n g t e m p e r a t u r e s of 3 0 0 ° C , e x c e p t f o r the 
a n n e a l i n g out of the w e a k l i n e s a t t r i b u t e d to t r a p p e d hole c r - n t r e s , a s 
d e s c r i b e d p r e v i o u s l y . In the s a m p l e h e a t e d at 4 0 0 0 C ( P i g . 6 ( b ) ) the 
s p e c t r a shov/ two m a i n c h a n g e s : 
( i) T h e m a i n g = 2. 0 r e s o n a n c e ( A ) i s m a r k e d l y r*educed in i n -
t e n s i t y ; 
( i i ) T h e i s o t r o p i c l i n e at g = 4 , 2 ( R e s o n a n c e B ) h a s i n c r e a s e d I n 
i n t e n s i t y i n c o m p a r i s o n wi th the o t h e r l i n e s in the l o w - f i e l d 
r e g i o n . 
H e a t i n g at t e m p e r a t u r e s of SOO^C a n d a b o v e c a u s e s an e l i m i -
nat ion of the g = 2 . 0 r e s o n a n c e , t o g e t h e r w i th a c o U a p s e of the l o w -
f i e l d r e s o n a n c e to a s i n g l e l i n e of w id th about 50 g a u s s at g = 4 , 2 
( F i g . 6 ( c ) ) . T h e s e t r a n s i t i o n s , in the K S R s p e c t r a c o i n c i d e w i th both 
the c o l l a p s e of the k a o l i n i t e X - r a y d i f f r a c t i o n p a t t e r n to tlie b r o a d , d i f -
f u s e band c h a r a c t e r i s t i c of m e t a k a o l i n a n d to the r e l a t e d c h a n g e s i n 
the h y d r o x y l b a n d s in the i n f r a r e d s p e c t r u m , 
D I S C U S S I O N O F R E S U L T S 
R e s o n a n c e s at ^ = 2.0 
A p a r t f r o m the s m a l l c o n t r i b u t i o n m a d e by point d e f e c t s to the 
m a i n a s y m m e t r i c reson. -LiXC ( A ) at g = 2 . 0 , and c o i i t r i b u t i o n s f r o m 
o r g a n i c f r e e r a d i c a l s , w h i c h m a y bo s i g n i f i c a n t in o r g a n i c - r i c h c l a y s 
( H a l l , Ang«?t and B r a v : n , 1972) , the m a i n f e a t u r e s of the r e s o n a n c e 
w e r e u n a f f e c t e d by a v a r i e t y of p h y s i c a l a n J c h e m i c a l t r e a t m e n t s w h i c h 
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wouitl t.'O t'-xpecTcd to p r o d u c e and a n n e a l point d e f e c t s and to r e m o v e 
o r p a i . j c .^.<-tltr anc' r f a c e - a d n o r b o d o r c i . s p o r j c d m i n o r a l o g i c a l i m -
puri-.u^t;. It IE l l j f / o . ' o i e c o n c l u d e d that none of t h e s e a r c l i k e l y to the 
r e s p o n s i b l e f o r i h r r e j - o n a n c e . 
T h e only choi : - i ; i:r'Uy d e t e c t a b l e p a r a m a g n e t i c ion in the c l a y s 
w h i r l ; car. s a i i s f - c t o v i l y account f o r ;hc o c c u r r e n c e of the r e s o n a n c e 
Willi xhfi o b s e r v e d s p i i •.•r*.-ic'?ntr.T;ion i s F e - ^ ^ , 
Tho K u b s t i i u t i o i . o f Fe*^^ f o r A l ^ ' ^ in k a o l i n i t e i s f a i r l y w e l l e s t a -
b l i s h e d ( G r i m . I'JGV,), .ind in p a r t i c u l a r M a i d e n and Mef-.ds (19671 h a v e 
d c n i o i i - U r a t o d by M6.^.sbauer s p e c t r o s c o p y the o c c u r r e n c e of F e ^ * i n 
the o c i : i l i c d r a l s i t e s o i ' a S i , A u s t e l l k a o l i . i i t c s i m i l a r to that u s e d i n 
the p i O t e n l w o r k . 
T h e d i s a p p e a r a n c e of the r e s o n a n c e f o l l o w i n g the k . t o l i n i i e - m o -
l a k a o l i n plir.ce t r a n j - u i r m a i i o n m c y be a l i r i b u t e d to a c h a n g e i n the l o -
c a l s y m m e t r y of tin.- o c t a l i e d r a l l y c o o r d i n a t e d f e r r i c i o n s s i n c e at 
the s a m e t i m e the s i n g l e - l i n e r e s o n a n c e at g = -; .2 e x h i b i t s a c o r r e s -
ponding i n c r e a s e i n i n i c n s i i y . it i s s u g g e s t e d t h a t i h i s i s c o n s i s t e n t w i t h 
an i n c r e a s e i n Iho i i u n : b c r o f f e r r i c i o n s o c c u p y i n g d i s t o r t e d t e l r a h e d r a l 
c o n f i g u r a t i o n s a f t e r the c h a n n o in Al*** c o o r d i n a t i o n f r o m B to 4 
(BrincJU-y and N a k u h i r a . 1959) . 
A s f u r t h e r c : : p e r i m e n t a l e v i d e n c e f o r l l ie a s s i g n m e n t of r e s o -
n a n c e A to o c t a h e d i a l i y c o o r d i n a t e d F e ^ * i o n s , we m e n t i o n that 
t r e a t m e n t of two of the c l a y s wi th a c i d f luor ic l e s o l u t i o n s , k n o w n to 
a t t a c k p r i n c i p a l l y the o c t a h e d r a l l a y e r ( S o m m e n s , 19G5), r e s u l t e d 
in s i g n i f i c a n t chanfres in the g = 2 . 0 r e s o n a n c e , d e t a i l s of w h i c h 
a r e to be p u b l i s h e d s h o r t l y . 
T h e a x i a l s y m m e t r y a s s o c i a t e d w i th the g = 2. 0 r e s o n a n c e I n 
k a o l i n i i e E m a y be r e l a t e d to l l ie w e l l - k n c w n d i s t o r t i o n s f r o m i d e a l 
o c t a h e d r a l s y m m c n - y v i a a f l a t t e n i n g of s h a r e d o c t a h e d r a l e d g e s 
( R a d o s l o v i c h , 19G3) . T h e r e s u l t s o b t a i n e d f r o m the p r e f e r e n t i a l l y 
o r i e n t a t e d bulk s a m p l e s a r e in a c c o r d a n c e wi th t h i s c o i i c l u s i o n , . 
W e a k b r o a d re s o n a n c e s w h i c h h a v e been o b s e r v e d in the g = 2 . 0 
r e g i o n i n n a l u m l a n d c a l c i n e d c l a y s h a v e not b e e n c o n s i d e r e d h e r e , 
but a r c p r o b a b l y a u r i b u t a b l e to e x c h a n g e i n t e r a c t i o n s be tween c l u s -
t f . r s of F e ' ' ^ i o n s . We h a v e o b s e r v e d i n t e n s e b r o a d r e s o n a n c e s in 
s a m p l e s of m u s c o v i i e , p h l o g o p i i e and b i o t i i e in w h i c h the c o n c e n -
t r a t i o n of s u b s t i t u t i o n a l i r o n i s g r e a t e r than in the c l a y s and I h e r e -
r e f o r e m o r e l i ; :e ly to p r o d u c e t h i s e f f e c t . 
T h e s u b s i d i a r y l i n e s b e t w e e n the m a i n p e a k s of r e s o n a n c e A 
a r c . m o s t p r o b a b l y due to a ho le c e n t r e i n t e r a c t i n g wi th an 27y^j 
n u c l e u s , who^e s p i n 1 = 5 / 2 wou ld a c c o u n t f o r the p r e d o m i n a n t 6 -
l i n e h y p e r f i n e s i r u c i u r c . T h e h y p e r f i n e s p i i t t i n p p a r a m e t e r of 7 , 7 + 0. 2 
g a u s s and g - v a l u e 2 , o n t 0. 01 a r e no•^  f a r rem'^ved f r o m v a l u e s p r e -
v i o u s l y r e p o r t e d by C^ri f f i ths e i . a l . (195^) f o r a d e f e c t c e n t r e i n i r r a -
d i a t e d n a i u r a l f j u a r i z c r y s t p . l s , and by L e e a n d B i a y (19C2) f o r a s i -
m i l a r C e n t r e in i i r r i r i i i i c d c i l u m i n o s i l i c a t e g l a s s e s w h i c h c o n s i s t e d of 
a t r a p p e d l iole c e n t : o l o c a t e d on an A l - 0 bond foUov/ i i ig a l u m i n i u m 
s u b s t i t u t i o n f o r s i l i c o n . I t i s s u g g e s t e d i h a i a s m a i ; d e g r e e of A l ^ • 
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s u b s t i t u t i o n in tho t e t r a h e d r a l shee t of k a o l i n i t e c o u l d a c c o u n t f o r the 
o b s e r v e d f e a t u r e s . C o n s i d e r a b l e e n h a n c e m e n t of the c e n t r e s by X - i r r a -
d i a ; i o n h a s been d e m o n s t r a t e d . I*, i s c o n s i d e r e d p o s s i b l e that the w e a k 
l i n e s in the n a t u r a l c l a y s m a y a r i s e f r o m n a t u r a l b a c k g r o u n d r a d i a t i o n . 
T h e e n h a n c e m e n t of the h o l e - c e n t r e s p e c t r u m c a u s e d by i r r a -
d i a t i o n o r c o o l i n g to low t e m p e r a t u r e s r e v e a l s the p r e s e n c e of a d -
d i t i o n a l l i n e s , i n d i c a t i n g t h a i the s y s t e m i s f a i r l y c o m p l e x a n d p r o -
b a b l y i n v o l v e s m u l t i p l e n u c l e a r hyper i ' ine i n i e r a c t i o n s . F u r t h e r E S R 
s t u d i e s of de fec t c e n t r e s i n d u c e d by X - i r r a d i a t i o n of a l u m i n o s i l i c a t e 
m i n e r a l s a r e c u r r e n t l y in p r o g r e s s in t h i s l a b o r a t o r y . 
R e s o n a n c e s at l ow f i e l d s 
R e s o n a n c e s at l o w f i e l d v a l u e s c o r r e s p o n d i n g to g - v a l u e s o f 
about 4 . 2 h a v e b e e n o b s e r v e d f o r Fe*^* replaciMg Si*^ "*^  in s i l i c a t e 
g l a s s e s , and s u b s e q u e n t l y i n a l a r g e r n u m b e r of m a t e r i a l s c o n t a i n i n g 
F e ^ ' i m p u r i t y c e n t r e s ( C a s t n e r e t . a l . 1060; K e d z i e e t . a l . 1965 , 
M a t y a s h et . a l . 19G9) . T h e t h e o r y a p p r o p r i a t e to r e s o n c j t c e s of t h i s 
tv-pe h a s been o u t l i n e d by G r i f f i t h ( 1 9 6 4 ) , H o l u j ( i 9 6 6 ) a n d B l u m b e r g 
(1S67) a m o n g o t h e r s . 
F o r p o w d e r s a m p l e s , the s p e c t r a m a y be d e s c r i b e d by a S p i n 
H a m i l t o n i a n of the f o r m . 
w h e r e the e f f e c t i v e s p i n , S , f o r the Fe*^"*" ion i s 5 / 2 , and D a n d E 
a r e e n e r g y t e r m s r e l a t e d to the a x i a l and r h o m b i c ' c o m p o n e n t s of 
the l o c a l c r y s t a l f i e l d at the F c ^ " ' s i t e s . I f D and E a r e m u c h g r e a t e r 
than the Z e e m a n t e r m , gQW, it c a n be s h o w n that r e s o n a n c e s at 
g - v a l u e s g r e a t l y r e m o v e d f r o m the f r e e s p i n v a l u e c a n o c c u r . I n 
p a r t i c u l a r , if E / D = 1 / 3 , r e p r e s e n t i n g c o m p l e t e l y o r t h o r h o m b i c s y m -
metry , an i s o t r o p i c r e s o n a n c e at g = 4 . 2 3 i s p r e d i c t e d , t o g e t h e r 
with r e s o n a n c e s d e s c r i b e d by e x t r e m e l y a n i s o t r o p i c g - t e n s o r s . f r o m 
which w e a k l i n e s at lc»\ver m a g n e t i c f i e l d s , c o r r e s p o n d i n g to g - v a l u e s 
up to about g = 9, may be e x p e c t e d . 
If the v a l u e of the r a t i o E / D i s l e s s than 1 / 3 , r e p r e s e n t i n g 
F. synimPtry of p a n i c i l y o H h o r h o m b i c c n a r a c i c r , it c a n be s h o w n 
i:;at indtead of en i?roti'opic r e s o n a n c e at g = 4 . 2 8 . nn a n i s o t r o p i c 
r e s o n a n c e h a v i n g t h r e e p r i n c i p a l g - v a l u e s i s e x p e c t e d . T h e p o s i t i o n 
of iht: p r i n c i p a l g - v a l u e s d e p e n d s botli oii the r a t i o E / D a n d the 
r e l a t i v e m a g n i t u d e of D { c r E / ^nd g i^H. T h e a v c r a i ^ i n g out of s u c h 
an n n i s o t r o p i c r e s o n a n c e in a p o w d e r s a m p l e g i v e s r i s e to a c h a -
r a c t e r i s t i c l i n e s h a p c ( K n e u b u h l , 1960) s i m i l a r to ihnt ob. ' jerved i n 
k a o l i n i t e . O n i l i i s b a s i s , a n d u s i n g the p o r i u r b a t i o : i c a l c u l a t i o n of 
C a s t n e r e t . a l . , ( 1 9 6 0 ) , Boes;r . -m and S c h o o j r . a k e r ( i O f i l ) i n t e r p r e t e d 
tlie r e s o n a n c e in t e r m s of Fe*^ r c p l a c i n r . ' S'-»' in d i s i o r t e d Giles of 
appro . \ imate iy o r t h o r h o m b i c l iymmetry, ^nrj r'lOjsurod tho p r i n c i p a l 
g - v a l u e s f r o m t h e i r - s p e c t r u m a s 5 . 0 0 , -1.16, and 3 , 5 2 . 
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T h e d i i f i c u h y cf m?-kin.(; a c c u r a t e g - v a l u e m e a s u ! c m e n ; s f r o m 
p o w d e r s p e c t r a m a k e s cny d e t a i l e d assigr:.mt-nt sl if^in-y t o n t a i i v e , bui 
a c l o s e r e x a m i n a : i ' - » n of the a r g u m e n i c f B o c s m a n r.nd S c h o e n i a k c r 
r e v e a l s that t h e i r u s e of p e r t u r b a t i o n t h e o r y i s unten . ib le . and that 
the- m o r e rigorut.ir> e x a c t c o m p u ; a t i o n a l E o i u \ i o n s of :he S p i n H a m i l -
l o n i a n g i v e n by D o w s i n g a n d G i b s o n (19CU) s h o w th:i i in no c a s e 
wo'i ld t h r e e equaiay s p a c e d g - v a l u o s of 5 . 0 0 , - i . l G , and 3 . 5 2 bo 
e x p e c t e d . H o w e v e r , f o r c e r t a i n s y m m e t r i e s , two o; the t h r e e p r i n -
c i p a i g - v a l u e s m a y be f a i r l y c l o s e t o g e t h e r , and might not g i v e r i s e 
to w e i i - r e s o l v e d l i n e s \n a p o w d e r s » > e c t r u m . 
W e t h e r e f o r e su^'gest that the r e s o n a n c e B in k a o l i n i t e i s a 
s u p e r i m p o s i t i o n of r e s o n a n c e s a r i s i n g f r o m two c e n t r e s : 
C e n t r e I : Fe-^'' i o n s o c c u p y i n g s i t e s of o r t h o r h o m b i c s y m m e -
t r y , w i th E / D ^ ^ 1 / 3 , g i v i n g r i s e to r.n i s o t r o p i c l i n e at g = 4 . 2 . 
C e n t r e 11 : Fe^"^ i o n s o c c u p y i n g site.s of p a r t i a l l y o r i h o r h o m b i c 
c h a r a c t e r , h a v i n g E / D < 1 /3 and p r i n c i p a l g - v a l u e s ( r e f e r r e d 
to a p r o p e r a x i s s y s t e m , a s d e s c r i o o d by B l u m b e r g ( 1 9 6 7 ) ) , 
gz = 4 . 9 , g j . = 3 . 7 . gy = 3 . 5 . 
T h e w e a k l i n e at about g = 8 . 8 in a l l t h r e e c l a y s p r o b a b l y 
a r i s e s f r o m an e x t r e m e l y a n i s o t r o p i c g - t e n s o r w h i c h m a y be r e l a t e d 
to e i t h e r of the tv.-o c e m r e s , 
A p r e c i s e f i t t i n g of the p a r a m e t e r s of ti ie S p i n H a m i l t o n i a n to 
the p r i n c i p a l g - v a l u e s of C e n t r e I I i s c u r r e n t l y in p r o g r e s s u s i n g 
an e x a c t c o m p u t a t i o n a l m e t h o d ( D o w s i n g . 1972) in c o n j u n c t i o n w i t h 
E S R s p e c t r a o b t a i n e d at Q - b a n d . H o w e v e r , we have found c l o s e 
a g r e e m e n t b e t w e e n c a l c u l a t e d and o b s e r v e d g - v a l u e s by a p e r t u r -
bat ion t r e a t m e n t i f it i s a s s u m e d that E / D = 0. and that D >> g ^ H . 
(At X - b a n d , the Z e e m a n e n e r g y c o r r e s p o n d s to about 0 .3 c m - 1 ) . 
T h i s c a l c u l a t i o n g i v e s g^ = 3 . 8 9 . gy = 3 . 5 3 . g^ = 4 . S 4 w h i c h c o m -
p a r e s fa-<ourablv w i t h m e a s u r e d v a l u e s g^ ^ = 3 . 7 , g,. = 3 . 5 , a n d 
gz = 4 . 9 . • 
It i s s u g g e s t e d that c e n t r e s I a n d II m a y both be e x p l a i n e d i n 
t e r m s of F e ^ * i o n s s u b s t i t u t i n g f o r Si'^'' in d i s t o r t e d t e t r a h e d r a i 
s i t e s , one p o s s i b l e cxTJlanat ion f o r the d i f f e r e n c e in s y m m e t r y be t -
w e e n the c e n t r e s b e i n g d i f f e r e n c e s in the m e c f i a n i i , m of c h a r g e c o m -
p e n s a t i o n . V a r i a t i o n s in the r e l a t i v e p o p u l a t i o n of tlie two c e n t r e s 
wou ld then a c c o u n t in p a r t f o r the o b s e r v e d U n e s h a p e d i f f e r e n c e s i n 
d i f f e r e n t s a m p l e s . | I r i s n o t e w o r t h y tliat e v i d e n c e f o r t c t r a h e d r a l l y 
c o o r d i n a t e d Fe*^' ior . s i n a n u m b e r of l a y e r s i l i c a t e s h a s b e e n o b -
t a i n e d f r o m M d i s s b a u e r s p e c t r o s c o p y ( T a y l o r e t . a l , , 1 9 6 8 ) | . 
T h e e f f e c t of heat t r e a t m e n t on the E S R s p e c t r a of k a o l i n i t c s 
m a y then be e x p l a i n e d in the f o l l o w i n g m a n n e r ; Fe'^'^ i o n s r e p l a c i n g 
Al3"*" and g i v i n g r i s e to r e s o n a n c e A ;M g = 2. 0 e x p e i ' i e n c e a c h a n -
ge in e n v i r o n m e n t on d p h > d r o x y l a t i o n , and o c c u p y s i t e s h a v i n g the 
s y m m e t r y of C e n t r e 1 in '.he d i s o r d e r e d m c t a k a o l i n s t r u c t u r e ( F i g . 
6 (b) and ( c ) ) . At the s a m e l i m e , a c o i i v e r c i o n of C e n t r e I I to C e n -
t r e I o c c u r s , the l a t t e r r e p r e s e n t i n g the 3t:)ble e n v i r o n m e n t f o r F e 3 -
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ions in the m e t a k a o l i n s t i - u c t u r e . It i s notable that the l i n e s h a p e 
o b s e r v e d m m c t a k a o l i n c l o s e l y r e s e m b l e s that o b s e r v e d f o r Fe*^*^ i o n s 
in l e t r a h e d r a l s i l i c o n s i t e s in g l a s s e s ( C a s m e r et . a ) . , 1960) , 
In s u m m a r y , the p r i n c i p a l f e a t u r e s of the E S R s p e c t r a of k a o -
l i n i t e s m a y be a t t r i b u t e d to a n u m b e r of c e n t r e s . 
(1) Fe"^"^ ions o c c u p y i n g a x i a l l y d i s t o r t e d o c t a h e d r a l s i t e s ; 
(2) Fe*'"*" o c c u p y i n g a s i t e of o r t h o r h o m b i c s y m m e t r y ( C e n t r e 
i ) ; 
(3) F e * ' ^ o c c u p y i n g a s i t e of p a r t i a l l y o r t h o r h o m b i c s y m m e t r y 
( C e n t r e I I ) ; 
(4) At l e a s t one type of point d e f e c t , p r o b a b l y a t r a p p e d h o l e 
c e n t r e i n t e r a c t i n g w i th an a l u m i n i u m n u c l e u s , w h i c h m a y 
be r e v e r s i b l y i n d u c e d and d e s t r o y e d by i r r a d i a t i o n a n d t h e r -
m a l a n n e a l i n g . 
In a d d i t i o n , s m p . l l c o n t r i b u t i o n s to the g = 2 . 0 r e s o n a n c e f r o m 
o r g a n i c f r e e r a d i c a l s o r w e a k b r o a d r e s o n a n c e s due to s t r o n g l y i n -
t e r a c t i n g c l u s t e r s of p a r a m a g n e t i c c e n t r e s m a y be o b s e r v e d . 
F u r t h o r E S R s t u d i e s of n a t u r a l a n d i r r a d i a t e d a l u m i n o s i l i c a t e 
m i n e r a l s a r e c u r r e n t l y in p r o g r e s s . C l e a r l y , the t e c h n i q u e of E S R 
s p e c t r o s c o p y c a n p r o v i d e d e t a i l e d i n f o r m . a t i o n r e g a r d i n g the n a t u r e 
of the p a r a m a g n e t i c i m p u r i t i e s and d e f e c t c e n t r e s in c l a y m i n e r a l s 
and t h e i r h i g h e r t e m p e r a t u r e p h a s e s w h i c h it i s hoped m a y c o n t r i -
bute to the k n o w l e d g e of tlie s t r u c t u r e of d i s o r d e r e d and X - r a y a m o r -
p h o u s p h a s e s . 
A C K N O W L E D G E M E N T S 
O u r t h a n k s a r e due to the B o a r d of G o v e r n o r s of P l y m o u t h P o -
l y t e c h n i c f o r the p r o v i s i o n of r e s e a r c h f a c i l i t i e s and f o r the a w a r d 
to one of u s ( P . L . H . ) of R e s e a r c h A s s i s t a n t s h i p ; to W a t t s , B l a k e , 
B e a r n e & C o . L t d . and E n g l i s h C l a y s , L o v e r i n g , P o c h i n ft: C o . L t d , 
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• H G . ^ U 1 ^ 3 s imilar to those .just described v^ erc obtained 
lisiiig a scjnple In v.^ .^ic'n preferred orientp.tion v/ad 
obtai-.iOd by sedimentation frorn aqueous solution, end 
for a nalural ly orientated l:aolinite ;.fcaok ori-:ir.ating 
fi'om ColoMbia, Scvth America- • 
86 
ELECTRON SPIN RESONANCE AND RKLATEP STUDIES OF LIGNITE 
AND BALL CLAY FROM SOUTH DEVON 
P . L . HALL and B.R. ANGEL-
Department of Mathematical & Phys ica l Sciences 
Plymouth Polytechnic^ 
Plymouth PL4 8AA, 
Devon. 
J . BRAVEN 
Department of Environmental Sc iences , 
Plymouth Polytechnic , 
Plymouth PL4 8AA, 
Devon. 
Paper accepted for pu l i ca t ion by J . Chem. Geology. 
INTRODUCTION 
The ex trac t ion and c l a s s i f i c a t i o n of organic substances occurring 
in s o i l s , peats , l i g n i t e s , coals and sedimentary rocks have been the 
subject of several recent reviews and books (Egl inton and Murphy, 1970; 
Swain, 1970; Maxwell et a l . , 1971). On the bas is of the ir s o l u b i l i t y 
in a v a r i e t y of organic and aqueous solvents such natura l ly occurring 
organic compounds have been subdivided p r i n c i p a l l y into geol ip ids , 
kerogens and humic substances. 
Humic substances are widely d i s t r ibuted in c l a y s , s o i l s and 
c o a l - l i k e m a t e r i a l s , and are invar iab ly found in assoc ia t ion with 
cations and mineral matter (Stee l ink and T o l l i n , 1967). The nature and 
propert ies of the organic matter associated with c lays has been reviewed 
(Sharrat t and F r a n c i s , 1943; F r a n c i s , 1949; Debras-Gucdon, 1969), together 
with the mechanisms of bonding between humic acids and the c l o s e l y re la ted 
f u l v i c ac ids and c l a y s (Greenland, 1971). 
The deposit which forms the subject of the present study i s the 
i n t e r s t r a t i f i e d b a l l c lay and l i g n i t e occurring in the Bovey Bas in , 
South Devon (Worral l and Green, 1953; W o r r a l l , 1968). This deposi t , of 
the Oligocene epoch, has long been worked for i t s b a l l c l a y , but l i t t l e 
de ta i l ed examination of i t s organic content has been carr i ed out. The 
hcill c lay cons is t s oC c disordered ko.oiiiiitc- together v:ith f a i r l y largfi 
covicentrc-tions of quartz,, inica and or^^niiic. iv.nttor CHoldridp,G, 1950; 
V.'orrpll, ].9tt) , and h-'t; been th^. s u b j t c t of e l ec tron n)3croocone, X-r«iy 
and i n f r a - r e d studies by Radczev;sl;] (1?!62), The l i g n i t e contaius 
about 65% carbon cr*. aii ash-free b a s i c , tog.elher v;itli up to about 30% 
mincial ir.atter (K'orral i and Green, 1933). 
The i r . i t i a l inv-r^rtigations of the Bovey Basin deposits were 
those of VJorrall anr- Green (1953) and K o r r ^ U (1955) and have been ' 
revieved by Holdrid^ic (1956). By uniiig a solvent f r a c t i o n a t i o n 
proco.dure they sho-.-;cd that cer ta in components v;era corunon to both 
the li^^nite and b a l l clc:y and exhibited s i n n l a r proper l i eo . The 
bit'Jirvnous iTsaterial v/ar. extracted by the So>:hlet method using 
n-propancl, followed by extract ion with aqueous sodiaT: hydroxide 
solut ion to obtain hu;r.ic substances. I t was found that not «':T1 of 
the organic mattnr associated v;ith the c lay could be removed in th is 
ij^f.ner, but that a ir.ore e f f i c i e n t reir.oval could be obtaijied by 
treat ing L I J O residue a f t e r n.y-prcpanol e::traction vnth an oxidising, 
agent such as hydrogen peroxide s o l u t i o n . 
Tl»e modem procedure for removal of the bituminous f r a c t i o n 
of seuimentiry rocks has been discussed by Maxi-^ell et a l . (1971). 
In addi t ion , Kononova (1961) has stated that the l inkages bctv;cen humic 
substances and c lays may be broken by treatment with 0.1 M sodiu.n 
hydroxide so lut ion at atr.bient temperatures. 
Two ext:raction procedures liave been used i n the present study, 
7.n the f i r s t , tlie loosely associ.ated bitunii:\ou3 or t;ooiii)id materia l 
was extracted using 1 : 1 vol.% bc-.i;;'.^ne-methanol, fol)ov:ed by trciat-
i::ent of the residue v/ith 0.1 M s(>-,liun-i hydroxide so lut ion to reinove 
the humic substaiTce;;. In tiie second .procedure, n-propanol w£s n j^ed 
instead of beniica-ic-methanol. 
Some e lec tron spin resonance (1::.S.K,) stuai.es o f the organic 
matf.ei." assoc iated v;ich carbonaceous c!o;io?it5; have already becTi iviadc. 
The widespread occurrence oi: f a i r l y larf:c conccntjrations o f s table 
free r a d i c a l s in peats , l i^^nites, coal-j and carhonsceous rocUo has 
been shov.ni to give r i s e to ir-otropic s inf , le-- l ine FC.S.R. s igna l s o f 
line'.:idch varying;, becvjeen and 8 £,^\:so at g-valuec of 2.003 - ?.00^ 
(Ingram et a l . , 1954; Van Dor Ka:i et a l . , 1961). 
Rex (19(:0) showed that the free l a d i c a l s present in s o i l s v:cre 
concentrated alir.ost completely i n the a l k a l i n e e x t r a c t , and at-^vihutcd 
then to species associated with humic a c i d s . Subsequent }^.S.K. studies 
of hurr.ic acids froui s o i l s , peats and l i g n i t e s ( S t e c l i n k and Tc^l l in , 
1962; S t e e l i n k , 196A; S t e e l i n k , 1966 and Atherton eH a l . , 1967) have 
demonstrated the presence of s table frcre r a d i c a l s v;ith concentrations 
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of about 10 spins/gram. These r a d i c a l s v-cre present not only in the 
s o l i d humic acids but also in so lut ion nnd a f t e r ac id hydrolyr. .i s , and 
are thovgla to be sei-.uquinone-type r a d i c a l s present: in the aron^citic 
r i n ^ s tructure of humic acids and s t o b i l i ^ e c by extensive 'jr-clection 
dc loca l i^ar . i cn ( S t e c l i n k , 196^0-, 
E . S . R . studies in conjunction \;ith solvent fraction.-^ti.on Iiavc 
been c a r r i e d out on l i g n i t e s (Kuczynski et a l , , 1965; Kiseizor et a l , , 
1968) and on sedLnientary rockc (ChutUerashvi l i , 19 70) . F i s c h e r c t a l . 
found free r a d i c a l s in a l l t h e i r solvent ex trac t s and residues from 
an East German l i g n i t e , with concentrations increas ing in the order 
fats and v;axes < bitumens < humic ac ids . 
Two groups have invest igated the K . ? , R . spectra o f c lays v:hich 
possibly contained organic re s idues . Kriedlander c t a l . (1963) 
observed t: .S.R. s ignals at g-~2 in sampler o f k a o i i r u t e , i l J i t c .-ind 
i:iontn-:orillonirc end a t tr ibuted them to the presence o f free r; jdicals 
of hu:nic-^.cid type. Hov.-cvcr, the lincj-liapc of l.hc g/\^?. resonance in 
kaoliniu*^ d i f f e r e d fLom thnt ot;-;e;:v*ic1 in hirni.c vicids an-J other 
carbonaceous m a t e r i a l s , being risyriunetric double p?.ak c h a r a c t o r i s t i c 
of a. paira-r.gnoLic r-pecies occupying an cnvironinent if: ar-proxir^^.atcly 
a x i a l li^;:';n(i f i e l d syrirr.etry in a p o l y c r y s t a l 1 ine ir.atcrial (Sear l c t 
a l , , 19S9) . More recen t ly , V.'a-ichope nnd iiaqiio (]971) observed R . S . R . 
s ignals at: j ! 2 in rnontmoriUonite and k a o l i n i t c samples s i m i l a r to 
those observed by rr i cd lander ct: a l . , and found them to be unaffected 
by chloroforTi extract ion or by rrcauir.tnt v:ith iodine vapour or 
o x i d i s i n g rgcnts ( inc luding hydrogen peroxide) . They sui;^csted that 
the spectra v;Gre due to inov^cnic r a d i c a l s present in the clay 
l a t t i c e s rai:her than to free radical : ; present in an orf;anic f r a c t i o n , 
Boesman and Schocir.aker ( i961) a l so c a r r i e d out L . S . R . studies of 
k a o l i n i t e c lays from a var ie ty of locat ions :vf.d obtr.incd s i ir . i lar 
asyinruetiical resonances \vhich they a t t r ibuted to Fc'^ '* ions subs t i tu t ing 
for Al"*^ ions in the k a o l i n i t e l a t t i c e . Con^cqui'ntly tiierc s-^ enis to 
be Pon.e uncertainty regarding the exact oii^^in of this resonnnco. 
Tlio invGstigat ioi is c a r r i e d out in this laboratory consisted of 
comparative solvent f r a c t i o n a t i o n and E.G.11 . s tudies of the organic 
matter in l i g n i t e and b a l l c l ay . The aim was twofold: 
( i ) To determine the d i s t r i b u t i o n of free r a d i c a l s (and ai;y other 
paramagnetic spec ies ) among the separate f r a c t i o n s ; 
( i i ) To resolve the discrepancy in the in terpre ta t ion of the 
asyn-jnetric g - 2 s i gna l observed in kandite-coi i ta ining c l a y s . 
MoLori..-ls Invest? r;nLcd 
The san,plG3 u.e^! in the presont v;ork consisLed of l i on iuc and b n l l 
c lay from the Hovcy E . s i n , South Devon, .nd a ; :ao l in i tc fron. 3t . A u s i c l l 
Corp.wall. 
A f re sh ly cut l i g n i t e s^:.ple K . : . ground t:o a p a r t i c l e s i ze of loss 
than 0,^2 inni e . s . d . Igni t ion showed the ash content to be approximately 
ion 
Tlic b a l l c lay , a blended sainple kiiou-n as * E . V / . V . A , ' , supplioci by 
V a t t s , Blake , Bearnc & Cc, L t d . , Wcv/ton Abbot, Devon, was received as 
a £>n.?. pcvrier stated to-be 93% <1-^ J c . s , c l . and of approximote corr.pcsiti 
k a o l i u i t e 67,5%, mica 19,0%, quart.? 7.5% and carbonaceous matter 6,0%. 
The I taol ini te v;as a Ean::plc knov;n as ^Suprenie' supplied by fr .g l i sh 
C l a y s , Levering Pochin ar\d C o . , L t d . , S t . A u c t c l l , Cormvall , and v;as 
a sample of good c r y s t a l l i n i t y , of p a i ' t i c l c s i z e 96% <2y c s . r l , , and 
containing about 5 - G A of ( p r i n c i p a l l y n icaceuus) i m p u r i t i e s . 
Chemical analyses of the samples are given i n Table 1. 
• • 1-rr.cti onatiop^ 
liitumcns i-;ore eritracted by the Soxhlct method using n--nropanol 
or 1 ; 1 vol,?, benzene-mothanol. Aqueous extract ions using deionizod 
water v.'ere carr ied out on separate Ga;iip]cii. The bitumens and aqueous 
extracts were recovered by evaporation of the ex trac t ion l i q u o r s . 
Af ter a i r drying, the; debitur.iinizeri residues were s t i r r e d continuously 
v;itli 0.1 M *Analar' scdiura hydroxide so lut ion at room teiTipcraturc for 
48 hours. They s l u r r y v a j ihcn centr i fuged at ^000 r .p .m. and the 
supernataiit l iquor decanted nnd a c i d i f i e d to p)) 1.8 v;?.th hydrochlor ic 
acid i;o p r e c i p i t a t e huruic ac ids . These v;ere co l locLed by ccr?tr i fugat ien 
and p r . r i f i c d by twice preci.in.tating fron a l k a l i n e so lut ion am' v/ashing 
wit]-*- d i s t i l l e d v;ator. F u l v i d ac ids v;cre obtained by ncutrali.^-.ing the 
• supernatai;t l iquor to pll 7.0 aud evaporating to dryness. The residues 
v;erc repiiatedly extracted with fresl i a l k a l i u n t i l alinost co lour less 
e::tract3 were obtained. 
I n one experiment the. ex trac t ion of bitunions from b a l l c lay 
was -foUo'.vid by prolonged oxidation with 6/- r.ydrogcn peroxide so lut ion 
in order to remove the remaii.ing organic r.iatter. I t \;as then poss ible 
to examine the E . S . R . spectrum of the c lay without t!ie superiinposition 
of s igna l s due to organic m a t e r i a l . 
E . S . R . SDectroscopy 
E . S . R . spectra were recorded at X-band using a Decca XI 
spectror.:eter incorporating a Newport 7" r.ngnet g iv ing a f i e l d range 
of approximately 0 - 6 kG . The k l y s t r o n operated at 9.*>70.A I-fUz. 
Absorption of microwave power occurs at magnetic f i e l d s , H, 
s t a i s f y i n g the resonance condition 
hv - g6 H, 
where li i s P lanck's constant, v i s the microv;ave frequency, 6 i s the 
r.ohr magneton and g i s the spectroscopic s p l i t t i n g fac tor . For a free 
e l c c t r o u g = 2.0023. Most organic free r a d i c a l s exh ib i t i s o t r o p i c 
g-valuGS close to the f r e e - s p i n ' v a l u e (Ingram, 1967). In some cases a 
poss ible i d e n t i f i c a t i o n of p a r t i c u l a r r a d i c a l species from accurate 
g-value lacasurcments may be made ( B l o i s e t a l . , 1960), • In tlie present 
work, g-values were measured by compari^^on with the conduction K . S . R . 
s igna l of m e t a l l i c l i t h i u m , in which the g - s h i f t i s -6 ,1 x 10 ^ 
(Vanderven, 1968), 
Spin concentrations were measured r e l a t i v e to a standard coal 
san^ple of k.nown spin concentration supplied by Dacca liadar L t d . , using 
a numerical double integrat ion technique descrii)ed by \vyi:ird (lV^65) and 
Hal l (1972). 
7 -
0chcf r::-:]>crii.iO.ittal Tec'nnic^vics_ 
I n f r a r e d absorption spectra in the waveIcuf.th range 3000 -
650 cm ^ (2-15i)) were recorded on a Unicam SP 200 Spectrcphotoineter 
usin;^ the ICBr d i s c techni^ne, • 
A qual i tat ive' anah's i s of metiailic elements vas obtained by 
recording u l t r a v i o l e t emir-sion spectra in the v;avelength range 
276 - 480 nm (0.27b - O.ASii) i is ing the arc technique on a Hi lger 
Large Quart/: spectrograph. 
Chemical analyses of the bovey b a l l c lay ai-^ d l i g n i t e ash vrere 
performed by X.ray spectrometry^, using a P h i l l i p s PV.' 1220 somi-autoiratic 




f^olvcnt Kxtract ion of J . i ; ;nitc and Ha^j -^V^V 
Tnc extract ion of l i g n i t e and b a l l c lay by the solvent f r a c t i o n a t i o n 
procedures described previously gave y i e l d s (expressed on a moisture-
f ree b a s i s ) v:hich a i t l i s t e d in Table 2. Kxtract ion of the St . A u s t e l l 
kaolini i:e f a i l e d to produce any measurable y i e l d of organic mat-^rial. 
Although hum.ic substances v;ere read i ly obtained by the use of 
0.1 M sodium hydroxide solut ion at room temperature, t l ie ir ex trac t ion 
was slow. In addi t ion , a considerable quantity of insoluble organic 
natter remained in the b a l l clay a f t e r the ex trac t ion of biriur.cns and 
hurr.ic substances. Henicval of the humie substances together v/i th the 
insoluble organic material was achieved by hydrogen peroxide treatment 
of the debituminized c lay , as discussed prev ious ly . A t o t a l of 
A.5% of organic matter was removed in t h i s way, as compared with about 
l.Sii removed by debituminization and a l k a l i n e e x t r a c t i o n , 
hJ^i^pcctra 
(i-) Lignite^ 
The K . S . R . spectrum of Eovcy l i g n i t e al: room tepiperature i s 
i l l u s t r a t e d in F i g s . l and 2. I^ ig . l shoves a complete scan of the 
magnetic f i e l d range 0 - 6 kG. Kig .2 i l l u s t r a t e s an expanded trace 
of the g = 2 region, showing an i s o t r o p i c resonance of l inewidth 
approximately 7 gauss at g - 2.0037 -j^ 0,0002 (resonance of 
F i g . l ) . This resonance i s i d e n t i c a l to those previf .usly observed in 
c o a l - l i k e and other natural carbonaceous mater ia l s (Ingrai:-, et a l . , 195A; 
Van Der Kaa et a l . , 1961). The free r a d i c a l concentraU:'.en vjas found 
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to be 2.3 x 10 spins/gram. 
The other re.*-.or.ancc (resonance 'A' of r i ; ; . l ) c o n s i s i s of an 
asymmetrical l i n e to g = A.2 witli a long t a i l on the low f i e l d ?:ide 
extending down to about g = 9. The main peak i s of linewidUh 
18 approximately 100 gauss and spir. concer.tration 4.3 x 10 spins/gram. 
Prc-hcat ing the l i g n i t e in a i r for two hours at various 
temperatures caused a progressive increase i n i n t e n s i t y of both the 
g = 2.0 and g - 4.2 resonances v.'ith increas ing teiiiperature up to 
400^^0. Pre-heatii ig r.t 500°C and above resul ted in tiie v i r t u a l 
e l i inination of the narrov/ g 2.0 resonance and the appearance of an in'-.rTnsCj 
broad resonance centred at about g = 2 v;ith the g = 4,2 resonance 
present as a small shoulder on the l e v - f i e l d s ide ( F i g . 3 ) . This broad 
resonance i s present a f t er tlie complete removal c f carbonaceous mater ia l 
by pyro lys i s of the l igni.te at 800*^0. A much ;;eaker broad resonance ( C ) , 
together with a number of l ines of lov? in tens i ty close to the free 
r a d i c a l s ignal (D) , occurs in the untieatcd l i gn i te ( K i g . l ) . 
( i i ) B a i l Clay and Kaoli .nite 
The E . S . R . rpcctra of the Bovcy b a l l clay and the S t . A u s t e l l 
k a o l i n i t e are i l l u s t r a t e d in F i g s . 4 and 5 r e s p e c t i v e l y . The roajor 
features , v;hich are comnion to both c l a y s , are : 
(a) A composite feature at iov7 f i e l d values containing at 
l eas t three l inos centred at about g = 4, 
(b) An asyir.Tietric double peak at g ^ 2 .0 , 
Tlie spectra of the two c lays arc of s i m i l a r form, but d i f f e r both 
in the r e l a t i v e i n t e n s i t i e s of the g = 2 and g = 4 features and in the 
l incshape of the composite g - 4 s i g n a l . A deta i led in terpre ta t ion of 
these resonances w i l l be the subject of a separate pub l i ca t ion ; in the 
present v.-ork v:e concern ourselves p r i n c i p a l l y with the contr ibut ion of 
organic free rad ica l s and poss ib ly organor.ictal 1 i c coiiiplexes to the 
intensit:y of thc:,e s i g n a l s . 
The asyirjnetric g = 2 resonance present in both c lays v;as a l so 
observed in a number of kandi te -conta in in^ c l a y s from a var ie ty of 
locat ions , many of v;hicli v;ere i;no\\Ti to be compar.^tivc!!y free cf 
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organ! c-i-i^trer. In a l l cases a s i m i l a r liucslii*pe V7ac observed 
resembling that reported previous ly oy Boesman .-and Gchopmakor (1961). 
No corre la t ion was establ is l ied between tlie i n t e n s i t y of the reconauce 
and organic content. 
The asymmetric g = 2 resonance i s c h a r a c t e r i s t i c of t)ie l ineshape 
expected for a species in an environ-.ent of approximately a x i a l symmetry 
in a p o l y c r y s t a l l i n e materia l (Sear l et a l . , 1959). For the ti;o c lays 
studied in the present v/ork, one f inds the p r i n c i p a l values of the 
g-tensor to be g^  ^ = 2.049 jr O.COl and 2,003 _+ 0.001. The closeness 
of the value of g^^ to the g-valuc of the f r e e - r a d i c a l s ignal ' in l i g n i t e 
. 1 . 
suggests that the presence of s i m i l a r r a d i c a l s in the organic i.iatter 
associa led with c lays \/ould give a superimposed s igna l on the h igh-
f i e l d s ide of the asy:?jTi3tric resonance. I f r e l a t i v e l y small concentration; 
of sucli r a d i c a l s occured, the e f f e c t would be merely to cause a small 
d i s t o r t i o n in the linesliape of the asynLmetvic s i g n a l . The e f f e c t i s 
i . l l u r t r a t e d iu F i g . 6 , in which tlie E . S . R . spectra of the g = 2 region 
of b a l l c lay vrlth and witliout the addit ion of 5% l i g n i t e are recorded, 
A pronounced change in tlie spectrum betv.'ccn regions labe l led and 
'Z* i s c l e a r l y shown, and a t tr ibuted to th.e superimposition of the 
l i g n i t e free r a d i c a l s i g n a l , 
( i i i ) Ligni te and rial 1 Clay l>xtracts 
The E . S . R . S))cctra of the l i g n i t e and b a l l c lay e x t r a c t s , recorded 
at room temperature, invar iab ly contained the tv;o major features of the 
spectriun of l i g n i t e , i . e . resonances at g 2.0 and g = A. 2, thougli 
var ia t ions in l inewidth and spin concentration v/ere observed in d i f f e r e n t 
f r a c t i o n s . Table 3 l i s t s the l inewidths and spin concentrations of the 
two resonances i u tlif. extracts studied. 
Tiic l inewidth of the g = 2,0 resonance varied between 5 and 7 gauss, 
but the g-valuc was constant i n a l l cases to wi th in the l imi t s of 
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expevii^^'^.iital e r r o r , and equal to 2.0037 l 0.0002. 
Tlie linevviduh of the g - 6,2 s ign/:! shoivcd considerable v a r i a t i o n 
in d i f f e r i n g f r a c t i o n s , between 65 and 180 gauss. A s i m i l a r resonance 
at g = 6.2 v;as observed in a s o i l hnmic ac id v.'hich ir. commercially 
ava i lab le . 
The greatest free r a d i c a l concentrations \;erc observed in the 
1 g -
humic ac ids , reaching a maximum of 6 x 10' spins/gram. The bitumens 
and aqueous extract s contained fewer free r a d i c a l s than the untreated 
l i g n i t e , but the ir spin concentrations did not f a l l bclcv; 10^^ spins/gram 
Spin concentrations for the f u l v i c acids are not given because of the 
impuve nature of the samples, but were estimated to he less than thct of 
the humic ac ids . 
In some e;:tracts 'one or both of two addi t ional resonavices were 
observed; . ' 
( i ) A 6 - I i h e spcctrun-. centred at g = 2.003 i 0 .001, the separation 
between the hypcrf ine components varying betv:ecn 33 and 89 gausr.. 
This resonance v/as observed with greates t in tens i ty in the f u l v i c 
acids and aqueous e x t r a c t s , and.to seme extent in the humic a c i d s , 
but was not present in the bitu;nens and v^ as unresolved iu the o r i g i n a l 
l i g n i t e and b a l l clay spec tra . The resonance i s c h a r a c t e r i s t i c of 
lin^ ioi is , the s i x l ines a r i s i n g from the i n t e r a c t i o n between the 
unpaired e lectrons and the ^^lin nuc leus . Ttic hyperf ino s p l i t t i n g s 
are c l i a r a c t e r i s t i c of complexes in which the niagnagese ions arc bonded 
to oxygen (Orton, 1968). The occurrence of t h i s resonance in the 
organic matter associated v.'ith b a l l c lay and l i g n i t e has not been 
previously reported, 
( i l ) A co::-iv^ le:-: 2pv:oi::,-.;i.' cc-r;sic;ti.n^ cV a i^?::\-:.-:^.m of b p:;;^ l:c; arid 8 n c r o -
cro3c:i.iv;c chcfi'actcrir^-iii.c i;h- aver^grif;, o^ j^v a l l oriar,'l;at;iD::o i:i r. 
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( O ' K c i l l y , 1950). These spectra were observed iu some liumic acids and 
bitumcins from both the clay and l i g n i t e , over- lapping in some cases v;it:h 
the manganese spectrum ( F i g . ? ) , and are be l ieved to be rcsponii .ble for 
tiie v;eak l ines M)' in the r.pectruri of l i g n i t e ( F i g . l ) . The hyperf ine 
s p l i t t i n g paraiiieters a:id g-values of the vanadyl spectra are l i s t e d in 
Table ^i. The occurer.ce of spectra of i:his type in the urganic matter 
associated with c lays or c o a l - l i k e inaLcrials b.as not been previously 
reported, however, s i m i l a r spectra have been observed in a v/ide range 
of petroleum f r a c t i o n s , and have been a t t r ibuted to vanadyl complexes in 
which the cat ions occupy an approximately a x i a l l y s^nn-merric environment, 
as i s the case in vanadyl porphyrins ( O ' R e i l l y , 1938; Kivelson and Lee, 
196/*; Tynan and Yen. 1967). 
A l l solvents and reagents used v:ere subjected to c a r e f u l E . S . R . 
examination to e l iminate the p o s s i b i l i t y that the spectra observed v;ere 
due to the presence of adventit ious trace paramagnetic impur i t i e s . Table 5 
suminari'/es the resonances found i n eacli f r a c t i o n i n the present work. 
The E . S . R . spectra of the l i g n i t e and b a l l c lay extract ion residues 
\/ere not s i gn i f i . cant ly changed, even though intense E . S . R . spectra 
v;crc observed in the e x t r a c t s . This i s explainable . in tlie case of b a l l 
clay s ince although the highest free r a d i c a l concentrat ion/ of 
1,3 X 10 spins/grnm (Observed in the humic ac id f r a c t i o n ) -a.e of the 
same order of magnitude as the i n t e n s i t y of the asymi^.etric g = 2 resonance 
in tlic c l a y , the y i e l d of liumic ac id vjas only 1,7%, and therefore t h i s 
f ract ion represents a contribution of only about 10^^ spins/gram to the 
resonance in the c lay . Hov^ever s n a i l changes in the lineshape of the c lay 
rasonr.nce consis tent watli ti>c removal of free r a d i c a l species were obser\-ed 
in. till; b a l l c lay extract ion , res idues . This i s n;os t c l ear ly demonstrated by 
comparison of the : : . S . R . spectra of the unrrcatcd clay and the res idue 
a f t e r debitimiini nation and hydrogen peroxide treatment ( F i g . i i ) . I t can 
be seen that changes between regions 'Y* and ' Z ' of the spectra l.ave 
occurred, notably a decrease i n the length of the t a i l of the resonance 
in the treated sample. F i g . 9 shows the l o w - f i e l d regions of the spectra 
of the same samples, and indicates that l i t t l e chance has taken place 
on removal of the organic matter, except for a small reduction in the 
intensii;y of the centra l g = 4 peak. 
Solvent treatment of the St . A u s t e l l k a o l i n i t e f a i l e d to cause 
any s i g n i f i c a n t ch.anges in the E . S . R . spectrum, 
I i i fraved absorption npc-ctr.^ of 'cn.c novoy b a l l c l a y and li,£initc; 
rnd thr;ir ^olvonb c:d;r.ictE, rocordod i)i the -.Yavolen^th r--nr;c 5000 -
650 (2 ir/a) , ore i l l u ^ t r a t c c l i n Fis. 10. T)\c £:pcc-';ra 
c lcr .v ly i j iaicavC rhs i^osevibl^j-icc "betv-'con corre:5po:idin^ frac l i ions 
ortrc'.ciicd froin V.o'ch m a t e r i a l s - 'h\ c e n t r a l f e a t u r c c , the s p e c t r a 
Tc::.wolo 'cho.-'j previcu . ^ ly obtai i ioi f o r l i r n i t c s sr.d conlo covl f o r 
bitii!:;;nG rjid hum"'.c rai'biita^.co:; c>:tracoefl frCiA .'-.oilr., yo^tz, vjid 
l i£jai{;os by a rarnb^r of v.-oi-3:o:rs (.^lof/iOii, 1957 ; Scn:l-'i;3or, 1?C5 ; 
Zoichrir-nn, IOC/- ; Stevcnr>on ruid Coh, 1 9 7 l ) , and tl:c:rcfore only thi? 
n^xn i jo ints of in'torest arc diccra.- .^'^ cd hor^-
Peaks at about 2850 and 2900 cm~^ due to the a l i p h a t i c Cll^ 
s tre tch ing mode increase in r e l a t i v e i n t e n s i t y in the order humic 
acids < l i g n i t e < bitumens In accordance with tlie progressive increase 
in the a l i p h a t i c nature of these substances. These peaks are present 
in b a l l c lay but almost completely absent in the residue a f t e r 
debituminization and hydrogen peroxide trcatm/^nt. (Fig , l2 )«> 
I'eaks at 1710 cm ^ a;vl 1620 ^, vrhosc i n t e r p r e t a t i o n has been 
extensively discussed (Fai-mer and Morrison, 1960; F u j i i , 1963; 
S c h n i i E e r , 1965 and Sievciioon and Go!i, 1971) occur wLtli varying r c l a t i 
in tens i ty in d i f f eren t f r a c t i o n s . In l it^nitc tlie 1620 cm ^ peak p r e -
doMina te r . with a small -'r.ov.lder at 1710 cir."" ;^ in tlic hr.mic r.cids vihe 
ve 
tv;o bands are of conjurablc i n t e n s i t y , v.'hile i a Ihe bi':utr.eus the 
1710 era ^ peak i s the stronger. The aqueous e x t r i c t s exhib i t bread 
bands centred at about 1620 cm"^ .(v:ith a small shoulder at 1710 crcr^) 
and a l so bands at about 3A00 en ^ and 1^20 cm ^. 
The 1710 cm ' band has been assigned to carboxyl ic and k.ctonic 
C = 0 gro-.ps, \:Uilc the hcrads at about 1620 cm ^ have beeik assigned 
to a v a r i e t y of syj^tems including aromatic C = C v ibrat ions and 
quinone or ketoni.c carbonyl groi:ps subject to hydrogen bonding, 
conjugation, or other frequency lowering e f f e c t s . In addi t ion , COO 
alliens a r c knowm to absorb at about 1575 and 1390 cm 
C l e a r l y the r e l a t i v e concentrations of carbox l i c ac id groups 
and aromatic rings d i f f e r bet'./cen the bitumens, h.um.ic a c i d s , and 
l i g n i t e . The aqueour ex trac t s contain f a i r l y large concentrations " 
of hydrogen bonded 0]\ groups and possibly COO groups,- but re lat ive . ly 
few COOi: groups. 
Only l imited corre la t ions may be drawn between the E . S . R . and 
i n f r a - r e d spectra of the mater ia l s s tudied. The lov:cr free r a d i c a l 
content of the bitumens niay be related to the i r lower aro;naticitY 
as indicated by the presence of only a weal; band at 1620 cm ^ . Uc 
d i r e c t evidence for the presence of quinone C = 0 groups was obtained 
However, tlie expected absorptions in the region 16*(0 ~ 1650 cm ^ are 
probably s i g n i f i c a n t l y frcqucncy-lovjercd by hydrogen bonding or 
conjugation (Czuc'naj owsk i a-\d E r n d t , 1969; Stevenson and Goh, 1971). 
Qi i : \ l iuut ; lVi : cn;;.ly:-3 o" th^ 3ov.;y l : l : : n i v f : and b a l l clay and 
b-oids, the 
so:\".pl^ :G ^v^rv 
o/.:ent nar-:o^;(y i n a l l 
vani-diu:.': rj'i". / : i ' : : ; j :? l , v.rixch arc i;]:-:; olci^n^JitG L^ -•>3•^  co'x-.only ocour r i i i r ; 
i l l v.r.'^col :>.uiot\ v.'.llh porpVi;/"-inu 3.n r c t r o l r - v . u oils end aophal tonos 
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Di3cu5^:;]:0N o r RESULTS 
The. ncl\:rct of. tr.G E.S.R. and i n f r a r e d spctCcra o f the s o l v e n t : 
e x t r a c t s o f b a l l e l a y ar.^ l i p ^ n i t c i n d i c a t e t:he c l o s e resf?mbl.-iacc 
bot^-^ecn c o v r e s p o n c i . i i ^ f r a c t i c n s e x t r a c t e d f r o m b o t h m a t e r i a l s . Trie 
clo5 : e p a r a l l e l betv:ccn t h e i'.v;o d e p o s i t s i s f u r t h e r e x e m p l i f l e d by 
the e x i s t e n c e o f ret;onances a t g = 2.0 and £ = 4. i n a l l f r a c t i o n s 
r e s c T i b l i n g t h o s e i n l i g n i t e . 
The g - 2.0 resonance 
Tlie c o n c e n t r a t i o n o f f r e e r a d i c a l s i n t h e e x t r a c t s vas ii;reauest 
i n t h e liuiTiic a c i d s , w h i l e t h e b i t u m e n s and aqueous e x t r a c t s c o n t a i n e d 
fr-v;er r a d i c a l s t h a n t h e u n t r e a t e d l i g n i t e , i n accordance v ; i t h t h e 
f i n d i n r . s o f F i s c h e r e t a l . ( i y 6 8 ) . The g - v a l u e o f 2.0037 ± 0.0002 
o b s e r v e d i n l i g n i t e vnd i n a l l t h e c x t v a c u s i s c l o s e t o v a l u e s 
p r e v i o u s l y r i c a s u r e d f o r l a r g e , condensed c e m i q n i n o n c r a d i c a l s 
( B l o i s c t a l . , 1 9 6 0 ) , and i s t h e r e f o r e r c a ? o n a M y a t t r i b u t e d t o 
seiri i q u i o n o r a d i c a l s p r e s e n t i n the a r o n a t i c r i n g s t r u c t u r e o f l i g n i t e s 
anrt hun)ic a c i d s , i n accordance \ : i t h t l i e f i r i d i n i ; s o f S t e e l i n l t e t a l . 
Tlie b r o a d g ~ 2 resonanoe o b s e r v e d i n p y r o l y r - e d l i g n i t e , and 
v/eakly p r e s e n t i n t h e u n t r e a t e d l i g n i t e , p r o b a b l y a r i s e s f r o m 
s t r o n g m u t u a l i n t e r a c t i o n between c l u s t e r s o f i r o n atones p r o d u c i n g 
t h e w i d e l y o b s e r v e d f e r r o m a g n e t i c - t y p e r e sonar ices f i r s t d e s c r i b e d by 
t h e t h e o r y o f K i t t c l (IQ^'^S). The f e r r o m a g n e t i c n a t u v e c f p a r t o f 
the l i g n i t e ash was r e a d i l y d e m o n s t r a t e d u s i n g a b a r magnet. 
The g - ^.2 rcsonancc 
The o c c u r r e n c e o f t h i s f e a t u r e i n a l l e x t r a c t s i n v e s t i g a t e d 
1S 
w i t h c o n c e n t r a t i o n s o f t h e o r d e r 10 spins/gr.-'.n has n e t , as f a r 
af. t l i e a u t h o r s a r e aware» been p r e v i o u s l y report<!d i n n a t u r a l 
carbonaceous m a t e r i a l s . S i m i l a r renor iancor ;, hov.'cver, have been 
observed i n a \;ide range o f o r g a n i c and i n o r g a n i c m i i T c r i a l s i n c l u d i i i g 
s i l i c a t e g l a s s e s ( C a s t n e r a l . , l^jGO), c a l c i i r . n r n n g s t a t o (Ked::ic 
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c t a l . , 1 0 6 5 ) , miens (Kcnip, 1971) and i n H rair.ibar o f hiologlcul 
m:i\:crials (WicUniaii e i a l . . 1965; A.:i;a and Vcinn^;ard, 1965; 
Dov;sin£ r^nd G i b s o n , 1969) and i-.svo been a t t r i b u t e d vo h i i ^ h - s p i n 
3-:. 
Ye i o n s o c c u p y i n g r a t e s o f a j i p r o x i i n a L e l y o r L i i o r l i o i i ; b i c Eyniir>C!t vy , 
w h i c h ir.ay a v i s e f r o i . i d i s c e r n e d o c t a h e d r a l o r t G L r a h f - d r a l con-
f i f i i i r a t i o n s ( G r i f f i t h , 1 9 6 ^ ) . i n pov;der Sr.T^pics t h e y hr.vc been 
d e s c r i b e d by a S p i n IJai^iiltoni-r^u o f t h e f o r m 
H = gfi H.S + D(Sz^ - 1/3 S(S ] ) } + E(f^>:^ - Sy^) , 
v;here D p.nd 1: are energy t c r i r ^ r e p r e s e n t i n g t h e a x i a l and r h o n i b i c 
ccinponenLS o f t h e c r y s t a l l i n e f i e l d . I f D and E a r e much g r e a t e r 
t h a n t h e Yeoman t e r m (gRH) i t can be sho*..'n t h a t f o r t h e case 
E/D = 1/3, w l i i c h r c p r c s o n t s coT.iplctc o r t h o r l i o m b i c symmetry, an 
i s o t r o p i c r e s o n a n c e a t g = A.20 i s e x p e c t e d , as w e l l as resonances 
d e s c r i b e d by cxtreip.ely a n i s o t r o p i c g - t e n s o r s f r o i ^ i w h i c l i v/cak l i n e s 
a t lots' f i e l d v a l u e s dov;n t o about g = 9 may a r i s e , ( C a s t n e r e t n l . 
1960; \;icl-"r.an c t a l . , 1965; Blumbcrg- ^ 1967). Our r e s u l t s a r e i n 
good agreement v j i t h t h i s t h e o r y . 
Tlie resonance a t g = A.2 o b s e r v e d i n l i g n i t e and t h ' i cl«iy and 
l i g n i t e e x t r a c t s (a s i n g l e l i n e ) d i f f e r s fro.Ti t h e l o w - f i e l d 
r esonances i n t h e b a l l c l a y and k a c l i n i t e , i n v;hich a t l e a s t t h r e e 
l i n t s a r c c l e a r l y r e s o l v e d i n t h e g = A r e g i o n . The resonances i n 
t h e c l a y s a r e a l m o s t u n a f f e c t e d by s o l v e n t e x t r a c t i o n and hydrogen 
p e r o x i d e urcritL-.cnt ( e x c e p t f o r t l i o s m a l l r e d u c t i o n i n the c e n t r a l 
peak o f t h e l i n e s i n b a l l c l a y ) and a r e t h e r e f o r e n o t a t t r i b u t a b l e 
t o r a d i c a l s o r conijle::es a s s o c i a t e d v ; i t h o r g a n i c l o a t t e r . The 
s i n g l e l i n e r esonance i n l i g n i t e and i n the s o l v e n t e x t r a c t s , 
hov/ever, recerr.blcK rh(f resonances o b s e r v e d f o r Te"^ "*' i n s i l i c a t t : 
g l a s s e s and t l ^ e r o f o r o m i g h t a r i s e f r o m e i i l j e r .Corric i o n s i n a 
. . 3-* s i l i c a t e c-.pvironiTient o r an Fe o r g a n i c cor-plox. I t : i s p o s s i b l e 
t h ^ t c o n t r i b u t i o n s f r o m b o t h t y p e s o f co; npi.ex miiy a r i s e . 
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Tlie iinCrGatod l i g i i i r o c o n t s ^ n c d a^out 14% ash; lio;;ev£r, th'^ r.sh 
co:iucni: o f tUc: h-jr-iic aci.'s v;3S f a i r l y lov/, and o : i l y Lracec o f ash 
WLTG f o u n d i n the hitiim::nE. Current: i n i p u b l i s h c d v/oik hcs i n d i c a t e d 
t h a t t h e i n t r . r . s i t y o i t h e g - 4. 2 rciionancc; i n l i g n i t e huniic a c i d i s 
s u b s t a r . t i a l l y vrd'jccd by r e p e a t e d arLTioniun t h i o c y a n a t e e x t r a c t i o n , 
and t h e r e f o r e i n t h i s case a t l e a s t t h e resopance i s p r i n c i p a l l y d i j f i 
t o o r j^ani c a l l y co;r.plexcd f e r r i c i o n s . The- s m a l l r e d u c t i o n i n the 
c e n t r a l peck o f the b a l l c a l y t r i p l e t a f t e r h y d r o g e n p e r o x i d e 
t r e a t i n c n t i s i n d i c a t i v e o f a s m a l l c o n t r i b u t i o n f r o m such a complex 
t o t h o coi.T>osite resonance i n t h e c l a y . 
The v i d e v a r i a t i o n i n l i n e ^ ' i d t h o f t h e g -A.'/ reson;M>cc5 i n t h e 
s o l v e n t s e x t r a c t s i s a t t r i b u t e d t o th-2 o c c u r r e n c e o f a nuirbor o f 
e n v i r o n m e n t s o f d i f f e r i n g s y i r j n e t r y c u r r o u a d i n g t h e f e r r i c i o n S j v.'hich 
would be e x p e c t e d t o c i v a s uperimposed resonances a t s l i f ^ h t l y d i f f e r e n t 
f i e l d v a l u e s , c o r r e s p o n d i n g t o a d e v i a t i o n o f t-ie r a t e o f T./)') f r o m 1/3. 
Such a b r o a d e n i n g e f f e c t v/r-is o b s e r v e d by V.'icliman e t a l (1965) i n 
p o l y c r y s t a l l i n c F e r r i c h r o m e A. 
The i n c r e a s e i n t h e i n t e n s i t y o f the r e s o n a i i c e i n l i g n i i . i i a f t e r 
h e a t t r e a t m e n t i s a t t r i b u t e d t o t h e o x i d a t i o n o f Fc^^ t o Fe^^ . 
F u r t h e r s t u d i e s a r e c u r r e n t l y i n prcgre:;s t o e l u c i d a t e f u r t h e r 
t h e n a t u r e o f t h e complexes g i v i n g r i c e t o t l i c g = 4.2 s i g n a l s , t h e 
r e s u l t s o f w h i c h w i l l be pubHr.hed s u b s e q u e n t l y . 
E.S.R. s p e c t r a o f v a n a d y l complexes 
A f u l l e r d i s c u s s i o n o f t h e n a t u r e o f t h e E-S.K. s p e c t r a o b s e r v e d 
i n t h e p r e s e n t st:udy w i l l be p u b l i s i i c : d l a t e r . !;o:vover, a few r c l e v a r . t 
coriMcnts m,ay be r-ade h e r e . 
The s p e c t r a r csembio those p r e v i o u r - l y o b s o r v c d f o r a ni:r.b2r o f 
square p l a n a r v a n a d y l co-T^plexes i n v;;iii:h t l ) e c a t i o n ? occupy .Tpproxin:jt."-:.\ 
a x i a l l y s y m m e t r i c s i t e s . Tlicy have been approxii;:j'..o.ly f i t r e - a to 
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S p i n Hamil I o n i a n o£- l:ho f o r m 
H = Hz Sx + £^ G (H>: Sx -i- l i y 3y) 
+ A j , I z Sz + ( I x ' S x +. j:y Sy) , 
v/hurc I (^^V) = 7/2, and rl-.e a>:is OL r y n m c t r y , z, c o r r e s p o n d i n g t o 
t h t d i n ^ t t i o i j ;-:or!i^a] co tlio: l i g^^nci j^lane ( O ' R e i l l y , 1 9 5 8 ) . Such a 
c i l - a a c i o n e x i s t s i n a v/ide range o f v a n a d y l coni])loxe5, but: a c c u r a t e 
iiK'.asureinmit or t l i c r.ucztr.il parametovs may i d e n t : i f y t h e t y p e o f 
corr;plex prer.r.*nt (Bouch-ar e t a l , , 1 9 6 9 ) . The S p i n H a m i l t o n i a n 
p a r a m e t e r s l i s t e d i n T a b i c i n d i c a t e t h a t p r o b a b l y a t l e a s t tv;o 
t y p e s o f v a n a d y l co;nplex are p r e s e i i t . Type 1 s p e c t r a have 
^11 " ^•5''*^ ~ 1-9^7, = 1 985 - 1.985. and I i y p e r f i n e s p l i t t i n g 
parar.ip.ters A^^ = 187 gauss and A^ - 70 gauss, v.'hilc Type I I s p e c t r a 
have - 1.95S - 1.962, g, - 1.959 - 1.992, A^^ = 173 - 176 gauss 
and A = 65 - 67 gauss. 
The reasons f o r t h e o b s e r v a t i o n o f two d i f f e r e n t t y p e s o f 
s p e c t r a arc n o t a t p r e s e n t c l c r . r l y u u d e r s t o o d . however, a p a r t LVo:n 
e x h i b i t i n g onor.:a]ously h i g h v a l u e s of, A. , t h e S p i n H a i n i l t o n i a n 
p a r a n ^ c t c r s o f t h e Type I s p c c t r r . r e s c h i b l o t h o s e r e p o r t e d f o r v a n a d y l 
a c e t y l a c e t o n a l e complexes (Boucher e t a l . 1969) w h i l e t h o s e o f 
t y p e I I are u:ore c h a r a c t e r i s t i c o f v a n a d y l p : > r p h y r i n s ( O ' H e i l l y , 1958; 
K i v c l K o n and Lee, 196A) o r v a n a d y l p h t h a l o c y a n i n e (Assour c t a l . , 1965) 
The o c c u r r e n c e o f b o t h vanadium and n i c k e l i n a nu^nber o f s o l v e n t 
e x t r a c t s i n d i . c a t e s t h e l i l - . e l y prcsc-nce o f p o r p h y r i n s i n t h e I^ovey 
B a s i n d e p o s i t s . As i n t h e case o f p^-.troleuiii f r a c t i o n s , b o t h p o r p h y r i n 
and n o r . - p o v p h y r i n covaplexes p o s s i b l y c o n t r i b u t e t o the K.S.U. s p e c t r a . 
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C.r^.R. c f !:a o l i n i I ' J - c-nU b a U cl::y 
No c o r r e l a t i o n was found t o occnv between the i i i L o n s i t y o f 
th e asymm-^tric g - 2.0 resonance c h a r a c t e r i s t i c o f k a o l i n i t i c 
c l a y s and t l i e c o r . c e n t r a t i o n o f o r g a n i c n a t t e r . I n a d d i t i o n , t h e 
e s s e n t i a l f e;iti . i r e s o f the resonance \:ere found t o be p r e s e r v e d a f t e r 
s o l v e n t e x t r a c t i o n and removal o f t h e o r g a n i c n a t t e r . SOTTIC change 
i n liMesl-i:ipe d i d o c c u r , however, i n t h e r e s i d u a l b a l l c l a y . c j f t e r 
r e moval of t h e o r g a n i c f r a c t i o n , l i i c s c r e s u l t s c l e a r l y i u d i c a t e 
t h a t , v ; l i i l e t h i s resonance i s n o t p r i n c i p a l l y due t o f r e e r a d i c a l s 
p r e s e n t i n adsorbed o r d i s p e r s e d o r g a n i c m a t t e r , some c o n t r i b u t i o n 
t o t he resonance o c c u r s i n a c l a y c o n t a i n i n g a s i g n i f i c a n t r^vKTn.ity 
o f o r g a n i c m a t t e r . 
A more d e t a i l e d i n v e s t i g a t i o n o f l:he I:.3,H. s p e c t r a o f c l a y 
m i n e r a l s i s i n p r o g r e s s i n t h i s l a b o r a t o r y , and t'n.e f o l l o v ; i n g 
p r e l i m i n a r y comments may be m.ide;-
( i ) Chemical a n a l y s i s o f a number o f k a o l i n i t c s have i n d i c a t e d 
t h a t t l i e o n l y p a r a m a g n e t i c elenrent p r e s e n t i n . q u a n t i t i e s l a r g e 
enough t o a c c o u n t f o r t l i e o b s e r v e d resonances i s i r o n , (The a r l d i t i c n a l 
p o s c i l i i l i t y e x i . r t s t h r . t t h e asyr»:motric resonance nay be due t o t r a p p e d 
d e f e c t s such as h o l e c e n t r e s . ) 
( i i ) S u b j e c t i n g a k a o l i n i t e t o a v a r i e t y o f p h y s i c a l and 
c h e m i c a l t r e a t m e n t s ( t o be d e s c r i b e d c l s e w i i e r c ) has sliov;n t h a t the 
resonance a t g - 2.0 i s n o t due t o adsorbed c a t i o i i s or n i n e r a l o g i c a l 
i m p u r i t i e s , b u t t o some s p e c i e s p r e s e n t i n t l i c c l a y l a t t i c e and 
p r o b a b l y l o c a t e d i n tl.'c o c t a h e d r a l ( A l " ^ ^ ) s i t e s . 
( i i i ) X - i r r a d i a t i o n o f u a o l i n i t e s i s i n d e e d f o u n d t o i n d u c e 
d e f e c t c e n t r e s , b u t no i n c r e a s e i n t h e i n t e n s i t y o f t h e g =• 2.0 e i g n a j . 
'.-.'as c b i . c r v e d . 
A c c o r d i n g l y t h e E.S.R. s i g n a l a t g " 2,0 i n i - a o l i n i t e r > has 
3 J. 3-1-
t b e r ; > r o r e a L t r i b u t o d t o Fe i o n s s u b s t i t u t e i i g f o r A l ' i n t h e 
k a o i i n i t c l a t t i c e , e r . d o r s i n g l:hc c o n c l u s i o n s c f (Joe.vman and 
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Scho^makcr ( 1 9 6 1 ) . The o b s e r v e d a x i a l symmetry p o s s i b l y a r i s e s 
f r o m Che well-knov;n d i s t o r t i o n s f r o m i r i o a l g eometry o f t h j o c t a h e d r a l 
s i t e i n k a o l i n i t e , v;hich t a k e s t h e f o r m o f a f l a t t e n i n g o f t h e 
o c t a h e d r a i n t h e d i r e c t i o n n o r m a l t o t h e b a s a l p l a n e ( G r i m , 196i;). 
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The E.R.R. s p e c t r a o f l i g n i t e and b a l l c l a y f r o r ^ t i i e liovey 
Bp.sin and o f t l i e i r benzene - m e t h a n o l , n - p r o p i i n o l , a l k a l i i u : and a.']ueoi:s 
e x t r a c t s lias i n d i c a t e d Lhe p r c s c i i c e i n a l l f r a c t i o n s o f trcc: r a d i c a l s 
\:hich a r c p r o b a b l y o f s e m i c u i i i o n c i^ype, w i t h g r e a t e s t c o n c c r i t r a t i o n s 
3 S 
(abou t 4 X 10 spin s / g r a m ) i n t h e h i i i i i i c a c i d f r a c t i o n e x t r a c t e d f r o i r 
l i g n i t e . 
I n a d d i t i o n , con'plexp.s c o n t a i n i n g i r o n , nanganese van,'^dyl 
i o n s a r e p r e s e n t i n the o r g a n i c f r a c t i o n s o f b o t h t h e l i g n i t e and 
th e c l a y . Tlie v a n a d y l coiriplexes c x l i i b i t s p e c t r a s i v n i l a r t o t h o s e 
p r e v i o u s l y o b s e r v e d f o r b o t l i p o r p h y r i n and n o n - p o r p h y r i n coir.plexes 
v.'hich a r e conimonly foun d i n p e t r c l e u r a o i l s and a s p h a t e n s s . 
D e s p i t e t h e o c c u r r e n c e o f f a i r l y i n t e n s e liSR s p e c t r a i n t h e 
s o l v e n t e x t r a c t s o f t l i e b a l l c l a y and l i g n i t e , t h e E.S.K. s p e c t r u m 
o f t h e r e s i d u a l b a l l c l a y , v/hich rescn'.bled i n g e n e r a l f e a t u r e s t h e 
s p e c t r u m o f t h e St. A u s t e l l k a o l i n i t c , \;as n o t s i g n i f i c a n t l y changed 
t h e t h e removal o f t h e o r g a n i c f r a c t i o n . Tlicse r e s u l t s i n d i c a t e t l i a t 
t h e major f e a t u r e s o f the s p e c t r u m o f b o t h c l a y s a r e n o t du? t o o r g a r . i c 
r a d i c a l s or o r g a n o m e t a l l i c co^.nplcxes. 
The a s y i p m e t r i c g = 2 s i g n a l , c h a r a c t e r i s t i c o f k a n d i t c c o n t a i n i n g 
c l a y s , i s b e l i e v e d t o be a t t r i b u t a b l e * , t o t i i e isomorphous s u b s t i t u t i o n 
3+ 3+ 
o f Fe f o r A l i n t h e k c o i i n i t e l a t t i c e , i n acc o r d a n c e v ; l t h t h e 
c o n c l u s i o n s o f boesman and Schoeiriakcn: ( 1 9 6 1 ) . Some changes i n t h e 
l i n e s h a p e o f t l i i s resonance i n t h e b a l l c l a y have been dc i T i o n s t r a t c d 
t o o c c u r , hov;ever, on the a d d i t i o n o r re i r . o v i i l o f o r g a n i c m a t t e r , and 
a r e a t t r i b u t e d t o t h e presence o r absence o f superimposed f r u e r a d i c a l 
s i g n a l s . 
The i r o n coi?plexcs e x h i b i t sig-.-jals a t g - h.'.K c h a r a c t e r i s t i c s o f 
„ 3+ . . . 
j-e i o n s o c c u p y i n g d i s t o r i ed o c t ^ ^ h e d r a l o r t e t r a i i c d r a l conCi g u r ^ . t i o i i f ; 
o f a p p r o x i n s t c - l y o r t h o r h o : i : b i c syrraritLry and p o s i ; e s s i n g f a i r l y l a r g e 
r< -
zero f i e l d s p l i t t i - i g . ? , Tiic^sc r e JoiKiucni; have not: c-o(.r. p r c v i o u ; ; l y 
rGi)ortc-d f o r n a t u r a l carl>or..u:eous : r . a t e r i a l s . Ivi humic a c i d s , t h e y 
are p r i n c i p a l l y due Fo - ovgc.nic complexes. 
F u r t h e r v.xrk i c u r r e n t l y i n p r o g r e s s i n t h i s l ; : b o r a t c r y i n 
a nur.ibor o f areas i n o r d e r t o e x t e n d t l i e p r e s e n t r e s u l t s and a r e t o 
be r t p o j - t e d a t a l a t e r d a t f . 
- 7J\ 
ACKJ:'?OV.'LFDGE>U-NTS 
Our t l i a n k s are due t o Lhe Board o f Goye.vnorj o f r i y m o u t h I ' o l y t e c h n i c 
f o r rl\e p r o v i s i o n o f r e s o s r c h f a c i l i t i e s and f o r t h e a v a r t i t o one o f us 
(P.),.11.) o f a Research - \ s s i s r a n t s h i p ; t o V.'atts, Bi=ikc, Ecarno ai^d Cc. L t d . 
and F n g l i s h C l a y s , L o v c r i n g . F c c h i n and Co, L t d . f o r sampels r.nd a n a l y t i c a l 
d a t a ; t o Mr, iM. S t o n t i f o r d , o f VJatcs, Dj ake, Bearne and Co. k r d . , f o r t h e 
X-ray s p e c t r o m e t r i c a n a l y s e s o f two samples, and t o D r . J . E . Cousins o f t h e 
U n i v e r s i t y o f E::cter f o r s u p p l y i n g t h e l i t h i u m mef.al s t a n d a r d . 
AKkK 1. CiiGm.i c a l _ analvr.c 'S o f samp I C S . ( n e r c e n t ; ! r e s bv v.'c-.i 
' c t a l i r o n i s c'xprc 2^3-
1 2 3 
S i ^8.5 5 1 . 1 
38. 3 31.9 39.3 
0.49 1.08 2.19 
T i 0^ 0.05 0.90 0.69 
Mg 0 0.20 0.28 0.49 
Ca 0 0.20 0.15 0.87 
K^O 0.68 1.68 1.72 
0 . 0,07 0,20 0.20 
I gn i t i on 
Loss 13.43 15.61 2.72 
Key: 1 ' Supreme * K a o l i n i t e ( a n a ly s i s f »:on E . C. L. P. t e c h n i c 
2 bovoy b a l l c l a y 
3 liovey l i g n i t e ash 
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TAHL!: 2. l - x t r . - i r t ? f;-r! y i e l d s fo?: i L - j i i t e c-nd ba.i.l T.lay J r a c t i o r . r t i c n 
(a ) LIGNITE 
1:1 beniienc-methanol e x t r a c t 
HuTTiic a c i d 
f u l v i c a r i d 
n - p r o p a n o l e x t r a c t 
Huir.ic a c i d 
F u l v i c a c i d 
Aqueous e x t r a c t 
( b ) BALL CLAY 
1:1 bcnnenc.-.rethanol e x t r a c t 
^2 
r;-propancl e x t r a c t 
Humic a c i d 
l - u l v i c a c i d 
Aqueous L x t r a c t 









- . (v7oighi 






Sp 'n C o n c e n t r a t i c n . s j ' n d l i r ' ir>h«^ of i :r. ^\ - 2.0 pnrJ g 
i c s u i i a a c c s j in_ rt: ,^ J i i i t . e xTraT^L"; 
A.2 
Saraple g = 2.0 
All( g a i : s s ) S (i;p Juo/gra:.0 
(a) L i g n i t e f r a c t i o n s 
L i g n i t e 
Bz-MeOII e x t r a c t 5.5 
Hur.ic c c i d 5 
F u l v i c a c i d 6 
n ~ p r o p a n o l e x t r a c t 5.5 
Ilumic a c i d 5.5 
Aqueous e x t r a c t 7 
( b ) B a l l Cl - iv f r a c t i o n s 
Aqueous e x t r a c t 7 
n - p r o p a n o l e x t r a c t 6 
Humic a c i d 3 
2.3 X i O ^ ^ 
1.2 X 10 
3.7 X 10 
17 
18 
1.1 X 10 
4.0 A 10 




9.0 X 10 
2.9 X 10 
1.3 X 10 
















4.3 x 10 
5.6 X 10 
4.3 X 10 
17 
J 8 
3.5 X 10 
3.2 X ] 0 




1.7 X 10 
1.5 X 10 
17 
18 
wcr.k l i n e 
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TAGLF. A 
r£ZlL'iS'JL.£l?iLJiYi:£.l"I^ 2^ ^ t o r s o f _ t h e ' l- . S. R. 
f.P9fi 'I 'i '^X-ll^lI\"?ii>lL-^^ a P. d" 1 i"g":T-i t'e e x't r a' 
Sample 
B a l l c l a y 
n - p r o p a n o l e x t r a c t . 
B a i l c l a y Kumic a c i d 
L i g n i t e Ilumic A c i d ( I ) 
L i g n i t e liurr.ic A c i d ( I I ) 
1 1 
( g a u s s ) 
1.958 1.992 173.6 65.6 
1.9/*5 1.986 187.0 70.8 
1.947 1.985 1S7.0 70,1 
1.962 1.989 176.3 67.3 
CrroL-s : g^^' ± 0.003; g ^ ± 0.002; A^ and A^^: ± 1.0 gauss 
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TAliLL 5. SuriinaVy (.-^bbrevia l e d ) o f res^ononces oJ)i:ervc'd i n each 
sat:';rJ.e i n t'nt: nre.;-:e'iL v.'ori;. 
liovey l i g n i t e g = 2 ( l O ; g = 2 ( 1 0 ; (VO)^"": g - 2()-e'*'') 
Bovcy l i g n i t e ash g ^ 2 ( I i ) ; z = ^^ "2 (I'e^"^) 
Bovsy b a l l c l a y g 2(a.sy;!.); g - 2 ( 1 0 ; g ^ ^(co i u p . ) 
•i poER. c o n t r i b u t i o n f r m n g - A. 2 (Fe ^ ) 
St , A u s t e l l k a o l i n i t e g - 2(asyT;,); g = A(cc:Tip.) 
Bituniens g = 2 ( i \ ' ) ; (VO)^"*"; g - /i. 2 (Fe-^"*") 
Huhiic a c i d s g = 2 ( N ) ; (VO)^"^; Mn^ "'*'; g -' A. 2(Fo-^"*") 
K u l v i c a c i d s 
Aqueous e x t r a c t s g = 2 ( N ) ; M:-"-" : g = ^.2(Fe ) 
KP.Y ; g = 2 ( N ) : narrov:, i s o t r o p i c resonance o f l i n c w i d * : h 
5 - 7 gauss a t g 2.0037 ± 0.CC2, p r o b a b l y due t o s e r . i q u i n o n c r r ^ d i c a l c . 
g = 2(B) : Broad rescnanc? c e n t r e d a t g = 2, o f f e r r o r r i a g r . e t i c t y p e . 
g = 2 ( a s y n ) : asymmetric r e s o n a n c e , l i a v L n g g|| ^- 2,0^YJ ± 0.001 
and 2i ^ 2.003 ± 0,001 a t t r i b u t e d t o Fe^"^ s u b s t i t u t i n g f o r 
A l ^ ^ i n t h e k a o l i n i t c l a t . t l c e , 
(VO)^.^ : m u l t i - l i n e spectrun^ due t o v a n a d y l c o n p l e x e s . 
2+ 2 + Mr. : 6 - I i n e s p e c t r u n i a t g = 2.003 ± o.OOl due t o Mn complGxes. 
g = A,2 (Fe^^) : a s y i i n i e t r i c l i n e a t g =^  4,2 v / i t h l o n g t a i l dcv7ii 
t o gr-'9, due t o Fe"^^ i o n s o r t h o r h o u i b i c s i t e s . 
g = A (conp.) : Composite s i g n a l a t gc-'^. p o s s e s s i n g a t l e a s t 
3 l i n e s and c h a j . - a c t e r i s t i c o f k e n d i t c - c o n t a i n i n g c l a y s . 
h'u::.ic ;*-oicl ::a, i : , v i , v, Pb, Sr. GC^ 
I V l v i c : i o i d fa, K, V i ^ ::n, V, Pl3, Ur, 
, K, V, Sr, C?, Co 
K, T i , III, 7, i^h^ Co 
- SI -
tLOI?, BHO'^ K, Hr:!. arid }:AL;r:G, J.E. (lOCCO Tnx.cir.icn fr-valuo 
ir.cpx.iii:-;-'r;jnr3 oi; f r c i ; vrrclicras o f I 'dolcgicrJ. ivjtorc.^it, Sy-x;>osiu;n on frot-
L'L^iiotic !':i::or.:-:ricc :ln B i o l c r , i c t i l S;/ytcn:>, rcrgo:r;cn ?ix-:.in, pp. - 1 r!9 
Fo""^ c-:oi:. l a }:ac;li:i:Uc- CcCTt- Kcna- Aor^d. S c i . , ^^i?^ 1D51 - 10::5. 
COUCiU:?;, L . J . , T{llMl, 'S.C, ri;d VZI, T.?. ( l?eo) ^c^cvvc^l proport:'Ci> of 
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Errors in the determination of E S R spin concentrations by 
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Abstract. The errors in determining the area under an absorption cun.*c from the first-
derivative cur\'e by a numerical integration method are calculated for gaussian and 
lorentzian lincshapcs. The errors arc greater for lorcntzian lines, where a range of 
integration greater than 110 times the peak-to-pcak lincwidth is necessary to reduce the 
error to below 2%. The application of the method to the determination of ESR spin 
concentrations is discussed. 
I t is well known thai for any resonance absorption of electromagnetic radiation the 
number of absorbing centres is directly proportional to the area under the absorption 
cur\'e (Alger 196S). For the particular case of electron spin resonance, the number of 
unpaired spins contributing lo a resonance is proportional to the area under the curve of 
microwave power absorption against applied magnetic field. 
Most ESR spectra, however, arc recorded in the form of the first derivative of the 
absorption cur\'e, and the determination of spin concentrations normally involves a 
Figure I . Typical ESR derivative spectrum showing the arrangement used in the numerical 
integr^ition technique of Wy-ard (1965). 
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double integration of the observed spectrum. In particular, Wyard (1965) and Cope (1968) 
have applied straightforward numerical integration techniques to obtain equations from 
which the area under the absorption curve may be calculated. For example, i f the 
experimental (first-derivative) curv e be divided into n strips of width A H between magnetic 
field values / / a and //b on either side of the resonant field //r (see figure 1), it can be readily 
shown that, neglecting spectrometer baseline drif t , the area under the absorption curve is 
given approximately by 
A = K{^Hr-{nf\H{)Hn-l)/'(^2) + - - • + / ' ( / / » ) } 
where A' is a constant and f'(Ht){i= ],2,. . . ,n) are the ordinates at the midpoints of the 
n strips, provided that the resonance cur\'e lies entirely between / / a and Hb\ that is, that 
r ( / / a ) = / ( A/b) =f'{H,) = / ' ( / / b ) = 0. 
Despite the widespread use of equations of the above type in calculating ESR spin 
concentrations, little information concerning the errors inherent in the method is avail-
able. However, Kohnlein and Miillcr (1962), in their work on the determination of ESR 
spin concentrations by a moment balance technique (Burgess 1961), made a limited 
number of calculations of the errors introduced by recording only a finite length of the 
derivative spectmm. 
The accuracy of the numerical double integration technique was therefore investigated 
by calculation of the percentage errors in the determined area for both gaussian and 
lorcntzian derivative lineshapes (which are commonly encountered in ILSR) by varying both 
AH and the total integration range R(- Hb- f f o ) with respect to the peak-to-peak line-
widths L. The calculations were performed by an appropriate program written in 
F O R T R A N and run on an I B M 1130 computer, and were used to assess the optimum values 
of AH/L and R/L to be used in applying the above method. The results may be sum-
marized as follows: 
(i) For gaussian lineshapes the errors in determining the area arc negligible provided 
that AH/L is less than approximately 0-4 and that R/L exceeds about 10. 
(ii) For lorentzian lineshapes, however, the constraints which must be placed on the 
value of R/L are more severe due to the long tails characteristic of these cun-es. I n all 
cases, selection of too small a range of integration leads to an appreciable underestimation 
of the area. 
Table I lists the percentage errors in the determined area for a lorentzian line at dif-
ferent values of AH/L and R/L. I t can be seen that the errors are practically independent 
Table h Percentage errors in ihc dclermincd area for lorcntzian curv'cs (in all cases errors 
are negative) 
0-08 0-17 0-34 0-43 0-86 
RfL 
8-66 24-57 24-34 23-89 23-67 24-58 
17-32 12-58 12-52 12-40 12-34 14-02 
34-64 6-34 6-32 6-29 6-28 818 
51-96 4-24 4-23 4-21 4-21 615 
69-28 3-18 3-17 3-16 3-17 512 
86-61 2-55 2-54 2-53 2-54 4-50 
103-93 2-13 2-12 2-11 212 408 
121-25 1-83 1-82 1-81 182 3-78 
138-57 1-61 1-59 1-59 • 1-59 3-56 
155-89 1-43 1-42 1-41 1-42 3-38 
173-22 1-29 1-28 1-27 1-28 3-24 
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of ^HIL i f A / / / / , is less than approximately 0-4. I n contrast, the errors are markedly 
dependent on RjL and decrease as RjL increases. For R/Lc:^50 and R/L^\\0 the 
corresponding errors are less than 4 % and 2% respectively. 
It may be concluded that, provided suitable values of and R/L are chosen, par-
ticularly for lorenizian curves, the equation gives a reasonable estimate of the area 
beneath the absorption curve. The errors inherent in the method are in any case less than 
certain other errors in determining ESR spin concentrations, namely the diiTering dielectric 
properties of samples, the cavity filling factor, etc. For lineshapes intermediate between 
lorentzian and gaussian the corresponding errors are less than those tabulated. 
The more restricted results of Kohnlein and jMiiller (1962) are in good agreement with 
the present data. 
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